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ABSTRACT

The interaction of the Cs+ with each of the intracellular red blood cell (RBC)
components was investigated using

133

Cs nuclear magnetic resonance (NMR) spectroscopy.

The components used in this study included 2,3-bisphosphoglycerate (BPG), adenosine
diphosphate (ADP), adenosine triphosphate (ATP), inorganic phosphate {PJ, carbonmonoxy
hemoglobin (COHb), and RBC membranes.

133

Cs NMR relaxation measurements, spin-lattice

(T 1) and spin-spin (T2), were used. We found that Cs+ bound more strongly to BPG than to

any other intracellular components in RBCs at physiological conditions.

The Cs+ binding

constants to BPG, ADP, ATP, and RBC membranes were obtained by using James-Noggle
plots. The good linear fit (r2

> 0.90) of the 133Cs NMR T 1 values in the presence of BPG

is consistent with a stoichiometry of 1: 1 for the Cs+ -BPG complex.

To investigate Cs+

toxicity in human RBCs, we also studied the effect of Cs+ on the 0 2 affinity of Hb in the
presence and in the absence of BPG. In the absence of BPG, the 0 2 affinity of Hb decreased
upon addition of Cs+. However, in the presence of BPG, the 0 2 affinity of Hb increased
upon addition of Cs+.
levels. Moreover,

31

The same effect was found in the human RBCs at different BPG

P NMR studies on the pH dependency of the interaction between BPG

and Hb in the presence and absence of Cs+ clearly indicated that the Cs+ bound to deoxyHbBPG complex strongly. Our NMR and 0 2 affinity data indicate that a major binding site for
Cs+ in human RBCs is BPG. Cs+ toxicity may arise from its binding to the Hb-BPG complex

xviii

thereby affecting oxygenation in RBCs.
To investigate the extent of ion pairing in ionophore solutions containing perchlorate
salts, we measured the 35Cl NMR line widths at half-height of Cl04-, and the changes in the
bending band of Cl04- by FT-IR spectroscopy. We found that perchlorate can form ion pairs
with the positively-charged alkali metal complexes of the neutral ionophores valinomycin (Val)
and nonactin (Non), but not with the neutral alkali metal complexes of the carboxylic
ionophores nigericin (Nig), lasalocid (Las), and monensin (Mon). The viscosity-corrected
35

Cl04- NMR line widths in solutions containing Val and Las were significantly negatively

correlated (r ~ 0. 99) with the dielectric constant of the solvent; solvents with low dielectric
constants favored ion pair formation. The involvement of ion pairing in ionophore-induced
anion transport in the large unilamellar vesicles showed that the efflux of

c1 · followed

first

order kinetics.
We studied er distribution in human RBC suspensions using Cobalt (II) glycine
[Co(Gly) 3r as a shift reagent (SR). When [Co(Gly) 3r was added to suspensions of human
RBCs, it shifted the 35Cl NMR signal of the extracellular er. Intracellular and extracellular
35

Cr signals were clearly discriminated.

The erythrocytes were stable in the presence of

[Co(Gly) 3r and unstable in the presence of MnCl2 • The exchange of er and hypophosphite
in human RBCs was monitored by

35

Cl NMR.

The Cr efflux was found to follow first

kinetics with an efflux rate constant of 0.0024 min· 1•

xix

CHAPTER I

INTRODUCTION

1.1.1. Discovery of Cesium
Cesium (Cs) was discovered spectroscopically by Bunsen and Kirchhoff in 1860 in
mineral water from Durkheim (Germany) (Hammond, 1985). Cs comes from the Latin word

caesius (heavenly blue) owing to the bright appearance of Cs in the blue region in the initial
spectroscopic assay.

The cesium ion (Cs+), an alkali metal ion, occurs in pollucite (a

hydrated silicate of aluminum and cesium), and in other sources. It has been found in Maine
and South Dakota (USA), Manitoba (Canada), and Elba (Italy).

Cs can be isolated by

electrolysis of the fused cyanide and by a number of other methods (Hammond, 1985). Cs
is assigned the 45th position among the most abundant elements in the earth's crust, indicating
moderate occurrence. Its chief compounds are chloride and nitrate.

1.1.2. Chemical and Physical Properties of Cesium Salts
Cesium, one of the alkali metals, belongs to Group IA in the Periodic Table of
elements.

The Group IA metals show clearly and with least complication the effect of

increasing size and mass on chemical and physical properties.
outside a noble gas core.

Cs has a single s electron

Cs has low ionization enthapy for the outer electron and low

polarizability. The chemistry of this element is principally the same as its

+ 1 ion; it exists

2
as ionic salts in the solid state and as solvated cations in solution. Cs+ has similar chemical,
physical, and pharmacological properties as Li+, Na\ K\ and Rb+.
Cesium, a soft, gold-colored alkali metal, is the most reactive of the alkali metals and
has the largest atomic diameter.

Excluding francium, cesium has the lowest boiling and

melting points, the highest vapor pressure, the highest density, and the lowest ionization
potential of all alkali metals (Cotton and Wilkinson, 1988). Cesium is the most reactive alkali
metal toward oxygen and the halogens. It reacts violently with water, giving off hydrogen
and forming cesium hydroxide, the strongest known base. Cesium is the least reactive alkali
metal toward nitrogen, carbon, and hydrogen (Cotton and Wilkinson, 1988).

1.1.3. Medical and Industrial Applications or Cesium
The unique properties of cesium products allow them to be used in many markets for
a variety of applications, such as catalysis, organic synthesis, biotechnology, and energy
(Edema et al. , 1993; Hammond, 1985; Schultz et al., 1992). Because of the potential and
the ability of Cs+ to stabilize high oxidation states of transition metal oxo anions, cesium
compounds are used as doping agents to enhance the performance of many metal-ion catalysts.
For example, cesium ions have replaced other alkali metal salts, especially potassium, due to
high yields and less waste. Cesium salts are more desirable than other alkali salts because
they are soluble in polar solvents and generally do not decompose to form undesirable
products.

They can be easily recycled and are also less toxic than the corresponding

potassium salts, making them environmentally attractive (Cochran et al., 1950).

Cesium

compounds are commonly used in biomedical research for recovery and purification of DNA,
RNA, viruses and other macromolecules (Pita et al., 1985). Cesium metal or salts can be

3
used as a plasma seeding agent in magnetohydrodynamic power generation.

Industrial

applications of Cs+ salts include usages in the manufacturing of photoelectric cells, of vacuum
tubes for radio and television, of certain resin polymerization processes, and in x-ray
fluorescent screens. They can also be used in thermoionic, solar cells, and ion propulsion
applications. For instance, cesium is used in atomic clocks, which are accurate to 5 seconds
in 300 years (Hammond, 1985).

Cesium, an industrially important element, has been increasingly introduced in new
materials.

As a result, Cs+ is present in air, soil, and water in various concentrations,

permitting its efficient transfer through the soil-plant-food chain into humans. It can also be
potentially harmful (Ghosh et al., 1993). In humans, Cs+ is widely distributed throughout the
body, mainly in soft tissues. Uptake from the gastrointestinal tract is rapid and essentially
complete (Ghosh et al., 1993).
The chemical and physiological properties of Cs+ are interesting for biomedical
investigations. For instance, Cs+ is considered the most basic metal ion which may interfere
in cellular function and neural excitability thus resulting in alteration of tumor requirements
and nerve impulse propagation when Cs+ is introduced in vivo (Messiha, 1985). The alkali
metal ions Li+ and Rb+ elicit paradoxical effects on mood and behavior (Cade, 1949; Fieve
et al., 1973).

Generally, lithium carbonate or lithium citrate has been used to treat

depression; however, it was found that Cs+ has a better absorption rate without some of the
side effects associated with u+ salts. There are certain similarities in the pharmacological
profiles of Rb+ and Cs+ as contrasted with Li+ (Messiha, 1975b). Although Cs+ salts are
chemically similar to potassium and sodium salts, they tend to be more soluble and
hygroscopic. Messiha has characterized the bioactivity of Cs+ by using CsCl to treat certain

4

neurological-psychiatric manifestations relevant to extrapyramidal disorders and to alcoholism
(Messiha, 1985).
The general properties of alkali metal ions in transport and enzyme activation involve
the use of Cs+ as a tracer of K+ transport in biological systems because of the physiological
similarities between Cs+ and K+. Monitoring K+ levels would be required to prevent possible
problems associated with a K+ deficiency (Messiha, 1985). Cs+ is also used in the treatment
of depression. Messiha conducted the evaluation of Cs+ salts for their antidepressant activity
(Messiha, 1975a). Several studies have appeared on Cs+ effects on neuromuscular systems,
the immune system, motor functions, and tumor growth. The ability of Cs+ salt to antagonize
reserpine-induced behavioral depression in mice and to potentiate the (+)-amphetaminemediated enhancement of mobility were used as experimental animal models to evaluate Cs+
as an antidepressant. Thus the antidepressant properties of Cs+ and the combined treatment
of cesium chloride with chlorpromazine may have a clinical application (Messiha, 1978).

1.1.4. Cesium Toxicity in Biological Systems
The most serious toxic effects of many metal ions are caused by inhalation of dust,
usually in an industrial setting. Especially harmful are very small particles (0.1-1.0 µmin
diameter), which are efficiently absorbed in the lungs (Martin, 1986). The main intra- and
extracellular counterions are K + and Na+, respectively, in living systems. They contribute
to the osmotic balance on both sides of a cell membrane. They also provide the positive
counterions for anions such as H 2Po4• and HC03-. Homeostasis maintains both essential Na+
and K+ concentrations within normal physiological limits (Fregly, 1981).

The other

nonessential alkali metal ions may compete with Na+ and K+ in physiological processes, with

5
Li+ being most toxic.
intracellular fluids.

Human beings contain about 0.3 g of Rb+ associated with K+ in

Little Cs+ appears in the body, but significant amounts of

137

Cs have

appeared in radioactive fallout (Martin, 1986).
Toxicity in biochemistry refers to the interaction between metals and biomolecules and
involves mechanisms similar to those responsible for the essentiality of metals. The effects
caused by metal ions in biological macromolecules are distributed into five main areas: (1)
Displacement of an essential metal from an active site by a "toxic" metal, (2) binding of a
toxic metal to undesired parts of a macromolecule, (3) crosslinking, which can produce
undesired aggregates, (4) depolymerization of biological molecules, and (5) misrepair of
nucleotide bases and induction of errors in protein synthesis (Eichhorn, 1974).
Radioactive isotopes of cesium (1 37Cs) are of biologic and toxicologic importance.
Traces of

137

Cs+ salts are found in plants, vegetables, fruits, dairy products and in various
137

spring waters.

Cs+ salts are also present in various industrial products, medical instruments

and devices. Therefore, the incidence of exposure to mes+ demands attention. For example,
137

Cs+ has been shown to penetrate the placenta and can be found in the breast milk of both

humans and animals (Hascke et al., 1987; Watson, 1986); the potential for hazardous maternal
exposure to

137

Cs+ salts during pregnancy and /or by breast-feeding of the newborn has been

noted (Messiha, 1988, 1989). mes+ is known to accumulate in various body tissues including
the brain (Messiha, 1976) and muscle tissue (Borio et al., 1986). Radioactive isotopes of
cesium have a long half life (t 1, 2 =30 years) with a slow elimination rate from the organism
(Borio et al., 1986; Messiha, 1976). There are toxicological problems related to radioactive
Cs uptake. The ready assimilation of 137Cs+ by plants and animals, coupled with its efficient

137

transfer through the food chain to humans and its subsequent deposition and retention in
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muscle and other soft tissue, makes biochemical understanding of

137

Cs+ extremely important

(Sastry and Spalding, 1968).

1.1.5. Cesium Transport in Biological Systems
In the systems which have been investigated, the transport of Cs+ into cells is sensitive
to ouabain (Davis et al., 1988).

For example, the rate of Cs+ uptake, approximately 1/3

that of K+, is reduced by a factor of 2 upon addition of ouabain.

In the absence of

extracellular K\ Cs+ can activate the Na+/K+ ATPase, being translocated in the process
(Beauge and Sjodin, 1968).

However, the concentration of Cs+ required to activate the

Na+ /K+ -ATPase varies in different biological systems. In the presence of K+, Cs+ transport
needs higher concentrations of Cs+. The administration of small doses of Cs+ is likely to be
used for therapeutic purposes (Krulik et al. , 1980). Cesium transport is not entirely dependent
on the ATPase system.

Among the various univalent ions studied, the effect of Cs+ on

creatine, 5' -nucleotidase, phosphodiesterase and deaminase activity was the smallest.
However, Cs+ is in general less effective than Rb+ as a substitute for K+. Cs+ also appears
to be able to block the Na+ and the K+ voltage-dependent channels in excitable membranes
(Mullins, 1975). Although Rb+ is a better substitute for K+, "'Rb NMR is rarely used in
biological systems because of its poor receptivity.

Since

133

Cs NMR spectroscopy can

differentiate between the intra- and extracellular Cs+ resonances, the use of Cs+ as a tracer
for K+ provides an ideal technique for obtaining information on K + metabolism.
simultaneous observation of both intra- and extracellular

133

The

Cs+ resonances without the

incorporation of an SR allows the substitution of Cs+ to study K+ transport in tissues
(Bramham and Riddell, 1994; Shehan et al., 1993).
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1.1.6. Analytical Methom Used to Study Cesium
The development of mes NMR spectroscopy as a tool for Cs+ analysis has triggered
the recent interest in the biochemistry and physiology of cesium ions in biological systems
(Davis et al., 1988).
extracellular
reagents.

A unique behavior of Cs+ allows the observation of intra- and

133

Cs NMR resonances in Cs+ -loaded cell suspensions in the absence of shift

The chemical shift of two

133

Cs NMR resonances might thus be employed for

studying the transport properties of Cs+ in subcellular compartments of plant tissues (Pfeffer
et al., 1990). Using a magnetization-transfer technique,

133

Cs NMR spectroscopy has been

used to study the nigericin-mediated transport of cs+ ions through phosphatidylcholine
bilayers; however, sodium triphosphate was required for separation of the

133

Cs + NMR

resonances in this vesicle study (Riddell et al., 1990).
The NMR properties of biologically important alkali metal nuclides are shown in Table
1. For comparison, the NMR properties of the more common nuclides 1H and 13C are also
listed in Table 1. mes, as for

23

Na, has one of the highest natural abundances of all alkali

metal nuclides. The NMR receptivity of a nuclide provides information about the ability to
obtain an NMR signal. The receptivities of Li, 23 Na, 87Rb, and mes are considerably higher
7

than that of 13C; therefore, 7Li, 23 Na, 87Rb, and mes NMR spectra of samples can be obtained
39

quickly. Although the K nuclide is highly abundant, its detection by NMR is hampered by
acoustic ringing problems associated with a low gyromagnetic ratio, and by a correspondingly
low observation frequency (Detellier, 1983).
Because of the larger size of the mes+ cation, the NMR chemical shift (o) range of
mes+ is much larger than that of other alkali metal nuclei. The chemical shift is extremely
sensitive to chemical environment and is affected by solvent, temperature, and counterions

Table l.

Nucleus

NMR Properties of Alkali Metal Nuclides (Detellier, 1983; Mason, 1987).

Receptivityb

NMR Frequency

Nuclear Spin

at 7.0 Tesla (MHz)

(I)

7Li

116.6

3/2

92.6

10.40

1.54 x 103

23Na

79.3

3/2

100.0

7.08

5.25 x 102

39K

14.0

3/2

93.1

1.25

2.69

87

98.2

3/2

27.9

8.75

2.77 x 102

133

39.4

7/2

100.0

3.51

2.69 x 103

'H

300.0

1/2

99.9

26.75

5.76 x 103

•3c

75.4

1/2

1.1

6.73

1.00

Rb
Cs

Natural Abundance

Gyromagnetic
Ratio (rt

a. Units of 107 rad T 1 sec·•.
b. Refers to the product of the natural abundance and the intrinsic sensitivity of a given nuclide and relative to 13C.

00
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present (Popov, 1979; Rounaghi and Popov, 1986; Shamsipur and Popov, 1988; Soong et
al.,1989; Soong et al., 1990; Streitwieser et al., 1991). Studies with cesium-fed rats showed
that mes chemical shifts can be affected by intracellular BPG levels in erythrocytes (Wellard
et al., 1994). mes NMR was also used as an active probe of intracellular space in vivo (Li
et al., 1995). One can use chemical shift information to determine the environment of mes+
cations in biological systems; whereas, line width or relaxation data are generally used for
probing the environment of the other alkali metal nuclides (Bramham and Riddell, 1994;
Shehan et al., 1995).

133

Cs relaxation measurements of tissues from rats have been carried

out in vivo and in vitro. Results from these studies indicate that most of the cesium ions are
in free state, undergoing fast exchange; the bound ions have long correlation times located in
one or more intracellular compartments (Shehan et al., 1995). Recently, lD and 2D mes
NMR spectroscopy has been applied on macroscopically oriented CsDNA fibers (Einarsson
et al., 1989; Einarsson et al., 1991; Schultz et al., 1992).

The relaxation data can be

evaluated to identify if the motion of the Cs+ ion involved is slow or fast. The slow motion
may be a site-exchange process, while the fast motion causing the field dependence of the
spin-lattice relaxation rate may result from the local dynamics at the binding sites.

The

counterion quadrupolar splitting is sensitive to structural changes in double-helical DNA. The
133

Cs nucleus has a nuclear spin (I) of 7/2, a small quadrupole moment (giving rise to narrow

NMR lines), and a relaxation rate approximately 200 times smaller than those of the other
NMR detectable alkali metal nuclei (Detellier, 1983). The Cs+ ion is 100% visible by
NMR spectroscopy.

These factors make

133

133

Cs

Cs NMR spectroscopy an ideal technique for

investigating Cs+ distribution and transport in biological systems (Bramham and Riddell, 1994;
Davis et al., 1988; Shehan et al., 1993; Wittenkeller et al., 1992a).
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When the correlation time (re), a parameter that describes molecular motion, is much
shorter than the NMR observation frequency (w), the extreme narrowing condition applies
(w1i1'

«

1). Under this condition, the spin-lattice (l/T 1) and spin-spin (l!TJ relaxation rates

are equal and reflect a single exponential decay given by (Mota de Freitas, 1993)
l/T 1
where

x

=

l/T1

= 3(2I +

3)x1rj40I1(2I-1)

(1)

is the product of the quadrupolar coupling constant, e1qQ/h, and the asymmetry

factor, 1 +172/3 (eq is the electric field gradient, eQ is the electric quadrupole moment, and
h is the Planck's constant). In a homogeneous magnetic field, T 1 is related to the line width
at half-intensity of the signal, '1v 1m by
(2)

In most biological applications, the alkali metal nuclide is bound to a high molecular
weight, slowly moving protein or intracellular component; the extreme narrowing condition
no longer applies, resulting in a T 1 value that is greater than the T1 value. For I = 7/2 (e.g.,
133

Cs) there are four components for the relaxation decay (Andersson et al., 1982; Bull et al.,

1979). The spin 7/2 nucleus is a weighted sum of four exponentials:
M 1(t) = M 1(00) (1-K ~ i_ 1 C 1 ,iexp(-R 1 ,it))
4

4

M 2(t) = M 2(0) ( ~ i= 1C2,iexp(-Rz}))
where

L 4 i_ 1Ccr,i = 1 and K = 2 for the

(3)
(4)

inversion recovery T 1 experiment. It is not possible

to obtain analytical solutions of the relaxation equations, but they may be solved numerically
for each wrc value.

Equation (3) is for longitudinal magnetization, and Equation (4) for

transverse magnetization.
Other methods used to study Cs+ in biological systems include atomic absorption (AA)
(Messiha, 1985; Wang and Grahame-Smith, 1992), radioisotope labeling (Beauge_and Sjodin
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1968; Love and Burch, 1953), inductively coupled plasma mass spectrometry (ICP-MS)
(Vanhoe et al., 1989), Fourier transform infrared (FT-IR) (Ali et al., 1992), and Fourier
transform mass spectrometry (FT-MS) (Amster et al., 1987).

The activity of cs+ as an

antidepressant and its effect on certain neurological-psychiatric manifestations in rats has been
studied by AA. AA methods cannot provide transport rates accurately because they require
treating several animals with CsCl for different time periods followed by a series of analytical
procedures.
radioactive

In addition, interferences may be serious and not easy to correct.

The

134

Cs has been used as a tracer to study the cation metabolism of human

erythrocytes. But the radioisotope technique is hindered by the level of contamination. The
FI'-IR method provides information about metal ion binding and the conformation of sugar;
the FI'-MS method can be utilized to analyze nonvolatile organic molecules such as peptides.
ICP-MS, although a relatively novel technique, is a powerful alternative for determination of
trace elements in biological systems. Detection limits are below 1 µg/mL for more than 60
elements in a multielement determination.

However, all these techniques described above

have some limitations. They cannot compete with NMR methods in studying cesium binding
and transport in biological systems, since NMR is non-invasive.

1.2.1. Chloride Transport in Biological Systems
Chloride is one of the most abundant free anions in living cells. The transport of er
across cell membranes is an important part of physiological regulatory mechanisms because:
1) the membrane potential is determined by chloride activity; 2) transport mechanisms which
are related to intracellular pH regulation are coupled to

er

activity; 3)

er

distribution is a

major contributing factor towards regulation of cell volume; and 4) intracellular

er
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homeostasis is dependent on synaptic inhibition.

There are three major pathways of er

transport across membranes (Cupolletti and Sachs, 1984; Geck and Heinz, 1986; Hoffman,
1986; Kaji, 1993; Lin and Gruenstein, 1988): an electrically conductive transport pathway
and two electroneutral pathways, which are er-anion exchange and er-cation cotransport.
It has been observed that leak (Brauer et al., 1985), Cr-cation ion pairing and ionophoremediated er transport pathways (Wittenkeller et al., 1992b) are also involved in er transport
across cell membranes (Figure 1, sections 1.2.3 and 1.2.4).
Electrically conductive er transport occurs when er moves across the membrane under
the influence of the membrane potential. The primary mechanism for the hyperpolarization
of postsynaptic neurons in response to )'-aminobutyric acid (GABA) is due to the increased
er conductance (Olsen, 1981). Because of the electrochemical gradient across the membrane,
the activation of er channels by GABA allows Cr to enter the cell and hyperpolarize the
membrane in these neurons. This hyperpolarization serves to counteract the effects of other
membrane-depolarizing neurotransmitters. Conductive er transport is also important in the
function of the T-tubule system of skeletal muscle. The large er conductance of the T-tubule
effectively applies a partial voltage clamp preventing depolarization of the membrane by K+
during the action potential.

This pathway is insensitive to 4,4'-diisothicyanostilbene-2,2'-

disulfonic acid (DIDS) and bumetanide but is partially inhibited by anthracene-9-carboxylic
acid (Lin and Gruenstein, 1988).
Electroneutral er-anion exchange transport is the well characterized Cr transport
pathway (Brauer et al., 1985; L'Allemain et al., 1985). This involves the exchange of Cr
for HC03·, which aids in acid-base balance and in the removal of C0 2 from the body. In
erythrocytes, the Cr-Heo3• exchange is mediated by band 3 protein, the integral membrane

13

Figure 1. Transport Pathways for Cr Across Cell Membranes.

Leak

Conductive er transport

er-cation cotransport
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lonophore mediated
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er-anion exchange
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protein which is inhibited by DIDS (Bjerrum, 1992). Human erythrocyte band 3 was purified
free of all peripheral proteins including band 4.2 using affinity chromatography (Malik et al.,
1993). The band 3 protein also appears to be involved in the regulation of cytoplasmic pH,
providing a mechanism by which the cell is able to respond to both acidification (L 'Allemain
et al., 1985) and alkalinization (Olsnes et al., 1986).
Electroneutral cotransport pathways involve the coupled movements of Na+, K+ and er
with a stoichiometry of Na+:K+:2er (Geck and Heinz, 1986). An important function of the
cotransport system is the regulation of cell volume. When Ehrlich cells were exposed to a
hyperosmotic medium, the volume of the cells decreased, but subsquently the cell volume
recovered back to the original cell volume (Hoffman, 1986). This pathway is inhibited by
bumetanide and depends on the simultaneous presence of Na+, K+, and er. However, the
difference in er transport rates for influx and efflux results in swelling-activated K+ influx,
a measure of er-K+ cotransport. The cotransport in human erythrocytes is electroneutral and
by inference has a 1: 1 stoichiometry (Kaji, 1993).

1.2.2. Abnormalities in Chloride Transport
Abnormalities in er membrane transport are associated with cystic fibrosis (CF)
(Quinton, 1983). Cystic fibrosis is the most common fatal genetic disease of children and
young adults affecting Caucasians, with an incidence if 1 in 2,000 live births and a carrier
frequency of approximately 1 in 20 (Murphy, 1987). CF is characterized by abnormal fluid
and solute balance across the epithelia of several organs such as lung, eccrine sweat gland,
pancreas, and salivary glands.

It is generalized that the exocrinopath, which affects all

exocrine glands of the body, causes abnormalities in the transport of chloride ions.
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Obstruction of ducts and passages with or without secondary infection causes respiratory,
digestive, and other manifestations of this disease. The lung is usually the critical organ;
thickened liquid in the airway contributes to recurrent infection with progressive loss of
ventilatory function (Mangos, 1986).
In recent years, scientists have made considerable progress to understand the metabolic
abnormality in cystic fibrosis (Goodfellow, 1987; Newmark, 1985).

These clinical

manifestations have been important in guiding investigators to perform basic research on the
identification of the part of chromosome 7 which contains the cystic fibrosis gene, and on
abnormal Cr transport in epithelial cells. Approximately 70% of the mutations in CF patients
correspond to a specific deletion of three base pairs, which results in loss of a phenylalanine
residue of the CF gene (Kerem et al. , 1989). The inheritance of CF follows an autosomal
recessive mode. The gene frequency in the U.S. population has been estimated to be 5%
(Mangos, 1986).
Abnormally low

er permeability is the basis of poor reabsorption of NaCl in the sweat

duct and the corresponding high concentration of NaCl in the sweat of these patients (Quinton,
1983). Transepithelial er fluxes are decreased in excised nasal polys (Knowles et al., 1983b).
The increased voltage and amiloride efficacy in CF, indicated that the airway epithelium is
relatively impermeable to Cr (Knowles et al., 1983a). However, absorption of excess salt and
liquid from respiratory epithelial surfaces contributes to the pathogenesis of lung disease in
CF (Knowles et al., 1981).
The eccrine sweat duct of patients with CF reabsorbs Na+ and er in a defective way.
The decreased reabsorption of Na+ and Cr is due to a nondialyzable Na+ transport inhibitory
factor which is present in the sweat. Quinton and Bijman (1983) studied the ion transport
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properties of the sweat duct. They found that the chloride transport rate was lower in patients
than in normal controls. The electrical potential in patients became much more negative than
in normal controls. Abnormalities of the stimulus-secretion coupling have been demonstrated
in isolated parotid acinar cells from the patients. The principal expression of genetic defects

is an abnormality of the transmembrane transport of Ca2 + in exocrine secretory cells (Mangos,
1986).
These studies suggested that in CF, sweat ducts have decreased permeability to

er and

an increased electrical potential that results from the elevated sweat NaCl concentration. In
cAMP-medium, a defect in the regulation of er secretion is observed (Sato and Sato, 1984).
The gene responsible for the basic cellular defect, which is a lack of activation of the cAMPmediated regulation of er channels, was cloned in 1989, and its protein product was named
cystic fibrosis transmembrane regulator (CFTR). Fuller and Benos (1992) suggested that the
CFfR protein may act as a pump and a channel. Carroll and co-workers (1993) found that
CFfR regulates ion exchange through the cell apical membrane as a low-conductance, cAMPactivated

er- channel.

It has been reported that sodium binds to the saliva of CF patients by

23

Na NMR

(Martinez and Silvidi, 1972). The structural characterization of sialyloligosaccharide units
from CF patients by 1H and

13

C NMR spectroscopy has also been reported (Gerken and

Dearborn, 1984; Lambin et al., 1984). The abnormal Cr transport in CF patients has been
3

studied mostly by using electrodes (Knowles et al., 1981; Quinton, 1983). However, 'Cl
NMR spectroscopy is a powerful and non-invasive technique to study Cr binding and transport
in cells of CF patients.
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1.2.3. lonophore-Mediated Chloride Transport

The basic structure of biological membranes consists of a bilayer of lipid molecules with
their polar head groups oriented toward the aqueous phase and their hydrophobic hydrocarbon
chains forming the interior of the membrane. The membrane structure is held together by
noncovalent bonds such as van der Waals and coulombic interactions, so that the chemical
composition and dynamic properties of membrane have a high degree of flexibility (Lauger,
1985). Lipid membranes are extremely impermeable to alkali metal ions, such as Li\ Na+,
K+, and Cs+. The impermeability arises from the high energy necessary to transfer an ion
from the aqueous phase into the apolar interior of the membrane. This barrier is important
for the functioning of the cell membrane since it allows the selective passage of certain types
of ions. In the presence of ionophores, the permeability of the cell membrane to metal ions
increases (Hilgenferd and Saenger, 1982).
There are two classes of ionophores: (a) channel-forming ionophores, such as
gramicidin, are proteins that span the cell membrane and provide a hydrophilic channel that
allows the passage of non-hydrated alkali metal ions, and (b) carrier ionophores bind cations
prior to transport of the cation ionophore complex through the membrane.
ionophores have two main subclasses.

The carrier

They can be either neutral ionophores, such as

valinomycin (Val) and nonactin (Non), or negatively charged, like nigericin (Nig), monensin
(Mon), and lasalocid (Las). Neutral ionophores carry the monovalent cation as lipid soluble
complexes with an overall charge of ( + 1).

Negatively charged (carboxylic) ionophores

contain ionizable groups and therefore transport cations as neutral complexes.

Only the

neutral ionophores, have been proposed to form an ion pair with er and provide an additional
transport pathway for anion transport in human RBC suspensions (Wittenkeller et al., 1992b).
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The structures of these ionophores are presented in Figure 2.
Val and Non form lipid soluble complexes with monovalent cations that are ligated
by ion-dipole interactions with a series of carbonyl oxygens. The oxygen atoms form a ring
or cavity into which a cation may fit. These oxygen atoms in effect replace the solvation
sphere of aqueous ions. The alkyl groups serve to dissipate the charge on the complexed
cation, thereby rendering the entire complex soluble in the low dielectric environment of the
cell membrane's interior. It was found that there are several conformations involved in the
mechanism by which alkali ions enter the intramolecular cage of Val or Non (Bennekou, 1984;
Degani, 1983; Pressman, 1976; Prestegard and Chan, 1970; Yoshikawa and Terada, 1981).
Carboxylic ionophores need head-to-tail H bonding in order to form a ring.

Carrier

ionophores facilitate transport by: (a) enveloping an ion at the membrane interphase with a
consequent dehydration of the ion; (b) diffusing across the membrane as a cation complex;
(c) releasing the ion which undergoes rehydration at the opposite interphase, and (d) diffusing
back uncomplexed to the original interphase to complete the catalytic cycle (Pressman, 1976).
Carrier ionophores thus function as mobile carriers for cations in cell membranes.
The selectivity of ionophores is largely influenced by the relative binding energies of
the various cations. Among the factors influencing binding energy are the cation size, the
distribution of ligands, and the conformational flexibility of the ionophore. Also the nature
of solvents affect selectivity. Generally, ionophores preferentially bind a specific metal ion,
but the selectivity scale varies among naturally occurring ionophores (see Table 2).
There are many techniques to characterize the properties of free ionophore and
ionophore-cation complexes (Degani, 1983; Dobler, 1981). The crystal structures of these
ionophores have been determined by X-ray crystallography. The conformations of the
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Figure 2. Structures of Carrier lonophores Used in this Study. At physiological pH, Val and

Non are neutral, while Nig, Las, and Mon are negatively charged.
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Table 2. Ionophore Selectivity of Alkali Cation (adapted from Pressman, 1976).

lonophore

I.

II.

Molecular Weight

Selectivity Sequence

Neutral lonophores
Valinomycin (Val)

1111

Rb+ > K+ > Cs+ > > Na+ > Li+

N onactin (Non)

736

K+

Monensin (Mon)

670

Na+ > K+ > Li+ > Rb+ > Cs+

Nigericin (Nig)

724

K+ > Rb+ >Na+ > cs+ > u+

Lasalocid (Las)

590

Cs+ > Rb+

= Rb+

> Cs+ > > Na+

Carboxylic Ionophores

= K+

> Na+ > Li+
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ionophores and of their complexes in solution have been studied using several spectroscopictechniques such as infrared (IR), ultraviolet (UV), circular dichroism (CD), optical rotatory
dispersion (ORD), and 'H and

13

C NMR spectroscopy.

Many studies have attempted to

characterize the ionophore-ion interaction in different solvents in terms of stoichiometries,
binding constants, and thermodynamic binding parameters.

This has been done by using

various methods including calorimetry, potentiometry, fluorescence, CD, and NMR
spectroscopy (Dobler, 1981). However, to study the ionophore-mediated chloride transport
in cells, NMR is the only possible technique, since NMR is noninvasive.

1.2.4. Ion Pairing
Ion pairing pertains to two ions that are in the close vicinity of each other, so that their
pair potential is sufficiently large to hold them together at a short distance before their thermal
motions rip them apart (Detellier, 1983; Marcus, 1985). There are three main species that
exist in a solution: solvent-separated ion pairs, solvent-shared ion pairs, and contact ion pairs
(Marcus, 1985) (Figure 3). Ion pairing does not affect the ionic solvations at all. The visible
spectrum of transition metal ions and the UV spectrum of ions are due to d-d transitions or
to charge-transfer bands (Krom et al., 1993). The IR and Raman spectra of solvent molecules
result from the vibrations of the ions in the solvation shell or from the solvent itself (Frost,
1982; Jackson and Mantsch, 1991; Maxey and Popov, 1969). The NMR signals come from
the interaction between the ions and solvent molecules in their salvation shell (Degani, 1983).
FT-IR provides a fruitful approach to study ion pairing (James, 1985).

It can

distinguish between contact and solvent-separated ion association, which cannot be done by
using the electrical conductivity method (Berman and Stengle, 1975). Formation of an ion
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Figure 3. Schematic Representation of Three Types of Ion Pairs: (a) a solvent-separated ion

pair, (b) a solvent-shared ion pair, and (c) a contact ion pair (adapted from Marcus, 1985).

( 0)

(b)

( c)
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pair can lead to changes in the point group symmetry for perchlorate from T d to C3v or C2v,
resulting in the appearance of new bands in the mid infra-red region, which depends on
whether a monodentate or a bidentate complex is formed (Nakamoto, 1986). In addition, a
solvation band in the far IR region indicative of ion pairing may also be observed (Popov,
1975).

NMR spectroscopy has provided a non-invasive method to monitor different types of
ion pairing in solution (Bennekou, 1984; Degani, 1983; Grell and Funck, 1973; Reich et al.,
1993). Quadrupolar 35Cr NMR spectroscopy is a powerful technique for monitoring Cr and
c104- ion pairing in solution, because the electric field gradient is very sensitive to the

symmetry of the charge distribution around the observed nucleus (Detellier, 1983; James,
1985; Wittenkeller et al., 1992a). Chemical shift (o) and line width at half-height

(~v 11J

measurements are sensitive to different environments of anions. The line width is increased
when ion pairing occurs.

The NMR line width measurement can easily distinguish ion

associations between contact and solvent-separated ion pairs (Berman and Stengle, 1975). It
is important to note that the time scale of the NMR and IR measurements are considerably
different (James, 1985). Typically, in IR spectroscopy, the time scale is of the order of
10-12 s, whereas in 35Cl NMR spectroscopy, it is of the order of 10-1 s. A consequence of the

different observation times in the two techniques is that ion pair formation may be timeaveraged; slow exchange is observed in the faster IR time scale whereas fast exchange is seen
in the slower NMR time scale.

Thus, the application of FT-IR and quadrupolar NMR

spectroscopies to the study of ion pairing formation in ionophore solution can provide
complementary information.
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1.2.5. Methods Used in the Study of Chloride Transport in Biological Systems
The techniques currently used for the measurement of chloride transport are patchclamp, ion-selective microelectrode (ISM), and 36Cl tracer methods (Illsley and Verkman,
1987).

Each method has specific applications but significant restrictions.

Patch-clamp

techniques are applicable only to conductive transport in isolated cells or membrane fragments
and cannot be easily applied to vesicles or to intact tissues.

ISMs lack sensitivity and

specificity; they are invasive and show slow response rate.

36

Cl is the most common

radioisotope used to study er transport in cells. Tracer methods require large sample volumes
and cannot be used for the determination of transport processes with rapid response rates.
Despite these limitations, ISM is the preferred method to examine the regulation of
intracellular chloride activity.

The free intracellular ion concentration was obtained by

dividing the measured activity by its intracellular activity coefficient (Amman, 1986).
Recently, a methodology has been developed to measure cell chloride activity by fluorescence
microscopy using the chloride-sensitive dye, 6-methoxy-1-(3-sulfonatopropropyl)quinolinium
(SPQ) (Krapf et al., 1988). This dye is non-toxic and very sensitive to er (Chao et al.,
1989; Krapf et al., 1988).

Loading and calibration of SPQ in intact cells of the rabbit

proximal convoluted tubules are feasible; cell chloride activity was estimated accurately.
Improved chloride-sensitive fluorescence indicators can easily measure Cr transients in
cultured cells and in other intact tissues (Krapf et al., 1988). However, the SPQ method has
several limitations for the study of Cr transport in cells.

First of all, it is difficult to

determine the cell er activity accurately if significant SPQ leakage occurs; because of the lack
of a second reference wavelength, which makes it impossible to perform fluorescent ratio
measurements. Secondly, SPQ leaks out of cells quickly, and the absolute fluorescent signal
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depends on SPQ concentrations. Finally, the sensitivity of the dye changes depending on the
Cr activity inside cells.

Based on the above limitations, it is necessary to perform an

intracellular calibration for each cell type and evaluate the intracellular sensitivity of this
indicator.
Nuclear magnetic resonance (NMR) spectroscopy provides a non-invasive method for
monitoring ions such as u+, Na+, K\ Cs+, etc. in biological systems. In order to obtain
important physiological information on the distribution and transport properties of alkali metal
cations in cell suspensions or perfused organs, it is possible to use alkali metal NMR
spectroscopy (Chu et al., 1984; Detellier, 1983; Geraldes, 1993; Gupta and Gupta, 1982;
Mota de Freitas, 1993; Pike et al., 1983). A significant transmembrane difference in either
the chemical shifts or relaxation rates of the nuclide of interest is required to observe two
signals. For instance, transmembrane difference in chemical shift can be achieved for the
6Li, 7Li, 23Na, ~' and 87Rb nuclides only by using an SR. A transmembrane

133

Cs chemical

shift difference can be observed in the absence of SR (Wittenkeller et al., 1992a). Negatively
charged SRs are insoluble in hydropholic cell membranes and are repelled by the negatively
charged groups of phospholipids at the surface of cell membranes. SRs thus remain in the
extracellular compartment unless the cell membrane is leaky or decomposition of the SR
occurs. Because of the presence of paramagnetic ions in SRs, the extracellular alkali metal
NMR resonance is subject to a pseudocontact shift, and thus is separated from the intracellular
signal.

In the absence of SRs, transmembrane difference in relaxation times provides

information distinguishing intra- and extracellular pools of u+ and K+ ions (Mota de Freitas
et al., 1990; Ramassamy et al., 1990), and monitor both slow and fast exchange processes
(Rong et al. , 1993).

29
In contrast to the alkali metal NMR study in biological systems, very few investigators
have studied anion distribution in biological systems by using

35

el NMR spectroscopy.

Theoretically, intracellular and extracellular chloride ions can be discriminated on the NMR
time scale, despite the exchange of chloride across the membrane by band 3 protein. Thus,
the internal and external chloride population may give rise to separate 35el NMR resonances.
Falke et al. (1984) were unsuccessful in observing an intracellular er signal in RBes by using
35

el NMR spectroscopy. The intracellular concentration of hemoglobin (Hb) in erythrocytes

is around 5.6 mM and this protein binds chloride, resulting in an intracellular er line width
larger than 300 Hz (Falke et al., 1984). Such a broad resonance is difficult to observe using
35

el NMR. Brauer et al. ( 1985) have also attempted to elucidate er transport in human RBe

suspensions using 35el NMR; they reported that only changes in the extracellular 35el NMR
signal were visible, and that was difficult to visualize intracellular and extracellular er signals
at the same time. The visibility of intracellular 35el resonances in dog RBes and kidney
tubules has been investigated (Boulanger and Vinay, 1990); it was found that intracellular er
is 40% visible in dog erythrocytes but invisible in dog renal tubules.
Rayson and Gupta ( 1985) made attempts to observe intracellular 35er in erythrocytes
by adding a Zn-Hb0 2 complex. The extracellular 35er signal was relaxed with this complex,
but the intracellular er signal was invisible. The application of 35el NMR to study chloride
transport in human RBes was restricted because of the invisibility of intracellular chloride in
erythrocytes. Neverthness, 35el NMR was used to measure intracellular water volume under
the assumption that intracellular chloride in erythrocytes is invisible (Hoffman and Gupta,
1986; Hoffman et al., 1986).
The intracellular and extracellular resonances of er can be resolved with the use of
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aqueous SRs. Cobalt (II) nitrate, Co(N03) 2 , has been reported as a 35Cl NMR SR in vesicles
(Hill and Shulman, 1992; Riddell and Zhou, 1984). Vesicles are very simple in structure and

provide a good model system for understanding chloride transport in biological systems.
Results from these studies have enhanced the understanding of er transport in biological
systems. Vesicles have also been used previously to monitor the transport of chloride by
NMR (Riddell et al., 1990).

Although Co2 + separates intravesicular and extravesicular

chloride resonances, it may bind to the negatively charged phospholipids in membranes.
Recently it has been shown that the intracellular Cr in human erythrocytes can be seen by 35Cr
NMR spectroscopy (Riddell and Zhou, 1995). This was achieved by using a wider spectral
window and addition of Mn2 + to quench the extracellular 35Cr signal, thereby allowing the
intracellular 35Cl" signal to be visible. Thus, the visibility of intracellular 35Cr signal will aid
to study er transport in human erythrocytes.

CHAPTERil

STATEMENT OF THE PROBLEMS

The purposes of this dissertation are: 1. to confirm that the major binding site for Cs+
in human RBCs is BPG; 2. to investigate whether Cs+ toxicity arises from its binding to the
hemoglobin-BPG complex thereby affecting oxygenation in RBCs; 3. to characterize ion
pairing of c104· in ionophore-containing organic solvents; 4. to study ion pairing and
distribution of Cr in ionophore-containing suspensions of LUVs and human RBCs; and 5. to
improve the understanding of the abnormal er transport in fibroblast cells of cystic fibrosis
patients.
The

133

Cs nucleus is very sensitive to the environment. The intra- and extracellular Cs+

resonances are resolved without the addition of shift reagents unlike 7Li NMR spectroscopy.
mes NMR spectroscopy therefore provides a good method to study the interactions of Cs+
with biomolecules (Davis et al., 1988; Wittenkeller et al., 1992a). Several biological systems
such as human erythrocytes, perfused rat heart, tissues, neuromuscular systems, the immune
systems, etc. have been used to study the interactions of Cs+ (Davis et al., 1988; Messiha,
1985; Shehan et al., 1993; Wittenkeller et al., 1992a). To characterize the interactions of
Cs+ with biomolecules, human erythrocytes will be used as a model system.
mes NMR spectroscopy will be applied to intracellular RBC components including
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BPG, ADP, ATP, Pi, COHb, and RBC membranes. The changes in

133

Cs NMR chemical

shift are indicative of Cs+ binding. Previous NMR studies from our laboratory using

133

Cs

NMR chemical shift measurement showed that of all RBC components, BPG interacted most
strongly with Cs+ (Wittenkeller et al., 1992a). In order to reconfirm that the major binding
site for Cs+ in human RBCs is BPG,

133

Cs NMR relaxation measurements will be utilized.

NMR relaxation is characterized by spin-lattice (T 1) and spin-spin (Ti) relaxation values.
They are similar when molecular motion is fast but different when molecular motion is slow.
The differences in T, and T2 values are due to strong binding of Cs+ to the biomolecule.
Measurements of

133

Cs NMR relaxation values with different RBC components will establish

which component contributes more towards Cs+ binding.
groups,
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Since BPG has two phosphate

P NMR spectroscopy can be used to obtain information about the interaction of

Cs+ with the Hb-BPG complex.
It is very important to investigate the interactions of Cs+ in human erythrocytes.

The

cooperative binding of oxygen to hemoglobin is affected by binding of various non-heme
ligands such as chloride and BPG (Smigoc et al., 1992). Amiconi et al. (1981) showed that
oxygen affinity decreased with increasing ionic strength. Moreover, Brix et al. (1990) found
that chloride binding to Hb is stronger than that of BPG to Hb. Since both Cs+ and Cr affect
oxygen uptake in Hb, we propose that cesium toxicity arises from its binding to the Hb-BPG
complex, thereby affecting oxygenation in RBCs.
The transport of

er across cell membranes is an important part of a number of

physiological regulatory mechanisms (Lin and Gruenstein, 1988). Wittenkeller et al. (1992b)
have proposed that only the neutral ionophore can form an ion pair and provide an additional
transport pathway for anion transport in human RBC suspensions. lonophores are used to
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provide information on the ion pairing transport mechanism in biological systems.

It is

expected that the degree of ion pairing of the neutral ionophores will be greater than with
the carboxylic ionophores.
investigated.

35

The effects of solvent, pH, and nature of cation will be

Cl NMR spectroscopy is a valuable technique to monitor the formation of ion

pairs. Changes in chemical shift and line width at half height provide information on the
different environments of anions. FT-IR spectroscopy will also be applied to obtain more
information about ion pairs; this technique will provide complementary information to that
obtained by NMR.
RBCs as well as vesicles will be used to monitor er transport. Vesicles, being simple
in structure, provide a good model. To identify the mechanism of Cr transport in LUVs and
RBCs, an SR will be used to differentiate between the intra- and extra- vesicular I cellular
pools of CL

Several SRs will be tested and the SR that gives the largest chemical shift

separation for the er resonances will be used in subsequent studies. We hypothesize that the
neutral ionophores, but not the carboxylic ionophores, will induce er transport through the
vesicle membrane and RBC membrane.
Quinton (1983) discovered that secretory epithelia derived from CF patients have low
Cr conductance. Subsequent identification and cloning of the CF gene led to many studies
(Riordan et al., 1989; Rommens et al. , 1989). Previously ion selective electrodes were used
mostly to study the abnormal er transport in CF patients (Knowles et al., 1981; Quinton,
1983). Since NMR spectroscopy is a non-invasive technique, 35Cl NMR will be used to study
er transport in cells of CF patients. Cr transport experiments will be conducted in skin
fibroblast suspensions containing an SR by

35

Cl NMR. This

35

Cl NMR project and other

future studies of human skin fibroblasts will hopefully advance the understanding of abnormal
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er transport

in tissues of CF patients.

CHAPTER III

EXPERIMENTAL APPROACH

ill. I. Materials

111.1.1. Reagents
Tris salts of adenosine 5'-triphosphate (ATP) and adenosine 5'-diphosphate (ADP),
pentacyclohexylammonium salt of2,3-bisphosphoglycerate (BPG), Tris-base, DEAE-Sephadex
A-50, antifoaming reagent A, bovine serum albumin (BSA), sodium bicarbonate (NaHC03),

polyvinyl

pyrrolidone

(PVP-360),

2-morpholineethanesulfonic

acid

(MES),

2-

cyclohexylaminoethanesulfonic acid (CHES), valinomycin, nonactin, nigericin, lasalocid,
monensin, n-octyl-13-glucopyranoside, pyruvate, inosine, glycolic acid, glycine (Gly), alanine
(Ala), hydroxyproline (HO-Pro), vitamin B 12 , and Dulbecco's modified Eagle's medium were
obtained from Sigma. Calcium chloride (CaClJ, magnesium chloride (MgClJ hexahydrate,
cesium chloride (CsCl), sodium chloride (NaCl), manganese (II) chloride (MnClJ, potassium
chloride (KCl), potassium perchlorate (KC104), sodium perchlorate (NaC104), lithium
perchlorate (LiC104 ), potassium nitrate (KN03), calcium sulphate (CaS0 4), calcium hydrate
(CaHJ, disodium salt of ethylenediamine tetraacetate (EDTA), sodium phosphate (NaH2P04),
nickel (II) chloride (NiCl2), lanthanide chloride (LnCl 3), cobalt (II) nitrate [Co(N03)J, cobalt
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(II) chloride (CoCl:J, cobalt (II) acetylacetonate [Co(acac)2], potassium phosphate (KH2POJ,
tetramethylammonium

hydroxide,

triethenetetraamine

hexaacetic

acid

(H6TTHA),

diethyenetriamine pentaacetate (DTPA), dipicolinate (DPA), sodium hypophosphite (NaliiPO:J,
diethyldithiocarbamate (DDC), dysprosium nitrate [Dy(N03) 3], sodium triphosphate (NasPPP),
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), potassium cyanide (KCN),
choline chloride, glucose, sucrose, methanol (anhydrous), dimethylsulfoxide (DMSO),
nitromethane, acetone, and acetonitrile were supplied by Aldrich Chemical Company.
Phosphotidylcholine (PC) and trypsin were purchased from Avanti Polar Lipids Company and
Calbiochem Company, respectively.

Ill.1.2. Blood Samples
Fresh packed human red blood cells (RBCs) were obtained from a blood bank (Chicago
Chapter of Life Source).

111.1.3. Fibroblast Cells
The human skin fibroblast cell line from a normal individual (ATCC CRL-1987, CCDlOOlsk) was obtained from ATCC Cell Lines & Hybridomas (Rockville, MD).

111.2. Sample Preparation
111.2.1. Preparation of Specific Butlers for Cs+ in RBCs
To investigate the interaction of Cs+ with each of the intracellular RBC components,
two buffers were· prepared.

Buffer A consisted of 10 mM CsCl, 140 mM KCl, 5 mM

glucose, 0.1 mM EDTA, and 5 mM HEPES, pH 7.4. Buffer B consisted of 10 mM CsCl,
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140 mM KCl, 5 mM NaCl, 2.4 mM MgCl 2 , lµ.M CaC12 , 5 mM glucose, 0.1 mM EDTA, and

5 mM HEPES, pH 7 .4. The second buffer contains intracellular physiological concentrations
of cations. The osmolarity of these two buffers was approximately 300 mosM. The viscosity
of buffer B was adjusted to 5 cP with PVP-360 to mimic that of the intracellular RBC
compartment (Morse et al., 1979).

To study the binding constants for Cs+ to RBC

components, the buffer consisted of 0.1 mM EDTA (to remove paramagnetic impurities) and

5 mM HEPES, pH 7.4.

Ill.2.2. Preparation of Unsealed RBC Membrane
Unsealed RBC membrane was prepared by washing blood three times at 4,000 g for 5
min with 5 volumes of isotonic choline washing solution (CWS) (112.5 mM choline chloride,

85 mM sucrose, 10 mM HEPES, pH 7.4].

The packed RBCs were then lysed with an

hypotonic medium of 5 mM HEPES, pH 8.0 in a ratio of 1:40. The lysate was centrifuged
at 26,000 g for 10 min, the supernatant was aspirated, and the remaining membrane was
washed twice with 5 mM HEPES, pH 8.0 until cloudy white (Steck and Kant, 1974).

Ill. 2.3. Preparation of Hb. DeoxyHb and COHb
Packed RBCs were washed three times with isotonic buffer [150 mM NaCl and 5 mM
sodium phosphate, pH 8] at 4°C. The plasma and buffy coat were removed by aspiration.
Deoxygenated hemoglobin (deoxyHb) stripped of BPG was isolated from packed RBCs which
were lysed in two volumes of cold distilled water, stirred gently for 30 min in a cold room
and restirred for another 30 min after adding 1/4 volume of neutral saturated ammonium
sulphate solution whose pH was adjusted to pH 7 with NaOH. A precipitate was formed and
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the Hb solution was separated by centrifugation for 10 minutes at 18,000 g. Then, it was
dialyzed against 0.05 M Tris, 0.001 M KCN buffer pH 8.5 (adjusted with HCl); the buffer
was changed at least three times every four hours till S042• was not present. Hb was collected
by passing the dialyzed hemolysate down a DEAE-Sephadex A-50 chromatography column
equilibrated with 0.05 M Trizma base, 0.001 M KCN buffer. The various Hb fractions were
collected by using a pH gradient produced by a Tris-CN buffer (pH=8.5-7) with a flow rate
of 20 ml per hour. Fractions containing Hb were bubbled with nitrogen or CO for one hour
prior to analysis by UV /Vis spectroscopy at 550 and 430 nm to determine the concentration
of deoxyHb (Dozy et al., 1968). The concentration of metHb was found to be less than 5%
in all samples by measuring the absorbance in the range of 400 nm to 700 nm (Weissbluth,
1974; Winterbourn, 1985). Deoxy Hb is very unstable and easily converted to the oxy form
in air; all deoxy Hb was placed in a septum sealed tube that was purged with nitrogen to
remove any oxygen.

ID. 2.4. Preparation of RBCs with Variable BPG Levels
For experiments involving the alteration of erythrocyte BPG concentrations, the plasma
was removed, and the erythrocytes were separated into four equal fractions. Each sample
was suspended at a hematocrit of approximately 20% in a medium containing 25 to 100 mM
N~P04 ,

100 to 25 mM NaCl, 10 mM glucose, 15 mM pyruvate and 10 mM inosine (pH

7.4); a control RBC suspension in 150 mM NaCl was also studied. The pyruvate-inosine
treatment affords RBCs enriched with BPG (Deuticke et al., 1971). Erythrocyte suspensions
were incubated with shaking for 2 hours at 37 °C, and washed three times with CWS; the
different phosphate concentrations used affords a wide rage of intracellular BPG

39
concentrations. Cs+ -loaded RBCs with altered BPG levels were prepared by loading at 10%
Ht RBCs containing different BPG levels in suspension [140 mM CsCl, 10 mM glucose, and

5 mM HEPES, pH 7.4 at 37 °C for 6 hrs.
concentrations were measured by
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P and

The intracellular BPG levels and Cs+

133

Cs NMR, respectively, relative to standards

containing 4 mM BPG or 10 mM CsCl.

III. 2.S. Oxyeen Affinity Measurements
Cs+ or BPG alone or a mixture of Cs+ and BPG were added to 6.75 x 10-s M deoxyHb,
which contained 4 mL of 0.1 M potassium phosphate buffer (pH 7.4) and 10 µl of
antifoaming reagent. The 0 2 affinity of Hb was measured at 37 °C using a HEMOX-analyzer
(model B, TCS Medical Product Company, PA), which is an automatic system to record the
oxygen equilibrium curves. The 0 2 affinity of Hb was also measured in the same way without
cs+ present. The 0 2 affinity of Hb in the presence and absence of BPG, MgCl 2 and KCI
were also determined. The P50 value and the Hill coefficient (n) were obtained from Hill plots
(Stryer, 1995).

III. 2.6.
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P NMR Study of the pH Depenc)ence of the Interaction between BPG

and Hb in the Presence of cs+
To investigate the binding of BPG to Hb and the molecular interactions involved in the
allosteric effect of the BPG molecule on Hb, a sample containing 5 .4 mM BPG alone, or 1.5
mM deoxyHb and 1.5 mM BPG were prepared in various buffers with different pH values
[ 0.1 M Tris-MES (pH 4.5 - 8.5) or 0.1 M Tris-Ches (pH
of KCl or CsCl or MgC12 were then added to the samples.

> 8.5)]. Several concentrations
31

P NMR chemical shifts were
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measured relative to an external reference of a mixture of 85% H 3P04 with D 20 (v:v = 4: 1).

m. 2. 7.

Purification of Organic Solvents

The organic solvents studied were methanol, DMSO, nitromethane, acetone and
acetonitrile. They were purified as described (Perrin et al., 1987). In brief, acetone was
dried with anhydrous calcium sulphate (CaS04) and then distilled. Anhydrous methanol was
obtained by drying with calcium hydride (CaHz), followed by distillation. Nitromethane was
refluxed over CaH2 , distilled, and then dried with CaS04 • Acetonitrile was dried by first
shaking with

4A

Linde molecular sieves, followed by stirring with CaH 2 , and fractional

distillation at high reflux over CaH 2 •

DMSO was purified by drying it with

4A

Linde

molecular sieves and then distilled under reduced pressure. Solvent transfer was accomplished
under a nitrogen atmosphere.

m.2.8. Preoaration of Ionophore Solutions
After solvent purification, 5 mM perchlorate solutions were prepared. Once the desired
salt was dissolved in the solvent of choice, an aliquot of the stock solution was then added to
the ionophore in powder form and stirred vigorously. The final ionophore concentration was

5 mM. To prevent distortion of the NMR line shape, it is necessary to ensure that complete
solubility of the alkali salts and of the ionophores was achieved.

III. 2.9. Preparation of Shift Reagents
Dysprosium (III) triethlenetetraamine hexaacetate (DyTTHA~ was prepared from
dysprosium hydroxide and H 6TTHA.

For preparing 5 ml of 0.125 M stock solution of
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Na,DyITHA, 0.2356 g of DyC1 3 was first dissolved in 3 ml water. H 6ITHA powder (0.3090
g) was then dissolved in DyC13 containing solution. This solution was titrated with 1.5 ml of
2.5 M NaOH in 30 µl aliquots while stirring. The final pH was less than 8.0 to avoid the
formation of insoluble dysprosium hydroxide.
The K+ form of the shift reagent dysprosium triphosphate, Dy(PPP)t, was prepared
according to a published procedure (Brophy et al., 1983) and contained 16% residual Na+,
as measured by atomic absorption (AA) spectrophotometry. KsPPP was added dropwise to
Dy(N03) 2 until complete formation of the complex, Dy(PPP)t, which is indicated by the
clearance of the solution (Mota de Freitas, 1993). The final ratio of Dy(N03) 3 and K5PPP
was approximately 1:2.5 to 1:3. K5PPP was obtained by passage of recrystallized NasPPP
through a Dowex-50 W column saturated with KCl, then freeze-dried overnight.

ill. 2.10. Preparation of Vesicles

Phosphotidylcholine large unilamellar vesicles were prepared by a detergent dialytic
removal procedure (Mimms et al., 1981). PC (25-30 mmol) with 15 equiv. of

n-octyl-~

glucopyranoside were dissolved in 1.5 ml of 100 mM NaCL To an aqueous solution of 100
mM NaCl, n-octylglucopyranoside detergent was added while vortexing.

The lipid was

dissolved in the detergent solution and sonicated for 2 hours. Then it was placed in dialysis
tubing. The detergent was removed by dialyzing the sample twice against 2 L of 100 mM
NaCl for 12 hours at 37°C. The NaCl solution was previously purged with N2 for 12 h at
37°C. At the time of analysis, the sample was taken out of the dialysis tubing and passed
through a 0.5 µM membrane under vacuum to homogenize the size. The vesicles were then
transferred into septum sealed NMR tubes which were previously purged with N2 • These
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LUVs are equimolar in NaCl inside and outside. Using the same method, different types of
LUVs were prepared, such as 100 mM KCl LUVs in a 100 mM NaCl suspension, 100 mM
NaCl LUVs in a 100 mM KCl suspension, 100 mM KCl LUVs in a 50 mM KCl and 50 mM
KN03 suspension, and 50 mM KCl and 50 mM KN0 3 LUVs in a 100 mM KCl suspension.
Dialysis tubing was prepared by placing strips of tubing twice in each of the following
solutions for one hour at 60°C. (1) 50/50 (v/v) ethanol/water; (2) 10 mM NaHC03 ; (3) 1 mM
N¥f2EDTA; (4) double distilled water; and (5) 0.02% NaN3 •

ID.2.11. Preparation of Perchlorate-Containin& lonophore Solutions in Nujol for

A aliquot (10 mL) of 5 mM KC104 in acetone was prepared and added to a mortar.
After the acetone was evaporated under a stream of nitrogen, two drops of Nujol were added
to the mortar, which were mixed well by using a pestle. Then the homogenous sample was
spreaded evenly onto the potassium bromide salt window. The IR spectrum was obtained in
eight scans. Using the same method, ionophore alone and a mixture of perchlorate salt and
ionophore ( 1: 1) were prepared.

Ill. 2.12. Preparation of Regular Human RBCs. CO-Treated RBCs. DDC-Treated
RBCs. and RBCs Treated with both DDC and CO
The regular RBC samples were prepared by washing three times at 4,000 g and 4 °C
for five minutes with an isotonic CWS. CO-treated RBCs were prepared by gentle passage
of moist CO gas for one hour through a suspension of washed RBCs in the isotonic CWS at
40% Ht. DOC-treated RBCs were prepared by incubation of washed RBCs with isotonic
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DOC medium [130 mM NaCl, 10 mM glucose, 5 mM potassium phosphate, 10 mM DOC,
pH 7.4] at 40% Ht for one hour (Scarpa et al., 1991). The incubation temperature was 37
°C. RBCs treated with both DOC and CO were prepared by gentle bubbling of the DDCtreated RBCs for one hour with moist CO gas. All RBC samples were washed three times
with the isotonic CWS and repacked. The formation of COHb in CO-treated and of RBCs
treated with both DOC and CO was verified by examination of their
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P NMR spectra

(Labotka, 1984).

III. 2.13. Preparation of Skin Fibroblast Cells
Human skin fibroblast cells were maintained in Dulbecco' modified Earle's medium
containing 44 mM NaHC03 and supplemented with 10% fetal calf serum and in a humidified
atmosphere of 5 % C02-95 % air at 37 °C. Cells were grown in T-75 cm2 polystyrene flasks
for 6- 7 days until they formed confluent monolayers.

Before experiments, the cells were

harvested by trypsinization and seeded at 3 x 104 cells I cm2 into multiwell dishes containing

6 x 35-mm diameter wells (Lin and Gruenstein, 1988). The cell viability was determined as
a percentage of live cells by the Trypan blue exclusion method (Patterson, 1979).

IIl.3. Data Analysis
111.3.1. Calculation of Binding Constants to ATP, BPG, ADP, and RBC

Membranes from

133

Cs T 1 Values

The binding constants for Cs+ to ATP, ADP, BPG and RBC membranes were obtained
by using James-Noggle plots (James and Noggle, 1969). The binding constants, Ki,, to ATP,
ADP, BPG or membrane were calculated by measuring T, values obtained at several Cs+
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concentrations and assuming a two-state (free and bound Cs+ ions) model undergoing fast
exchange.
Ro11a = 1/T 1c•>' Rr... = 1/T1crrw>
1

1

4R- =<R.-Rrr..r'=Ku-'{[BJtota,<~-Rr..>r +<CM+lto1a1+cs1to4al-cMJ~{[Blto1a1~-Rr..>r

1

where [M+]tola1 and [B]tota1 are the total concentrations of Cs+ and ATP, ADP ,BPG or
membrane sites, respectively; [M]bound is the molar concentration of bound ion or site. First,
we assumed that [M]bound was very small ([M]bouad=O), ~R 1 versus [M+]tota1+[B]toea1was plotted,
and the binding constant Ku(l) was calculated by dividing the slope by intercept. Secondly, the
[M]bound concentration was determined at every total concentration of M+ by using the 1: 1
equilibrium association binding constant equations shown as below:
M+

+

B ~Mb

Ku = [M]bounc/([M+lrnieCBlrniJ
Ku = [M]bounj {([M+1to1adMl~([B]to1adM]~}
From the equations shown above, [M]bound can be determined.

(5)
The concentration term

[M+]to1a1+[B]U>ta1-[M]bound was calculated for each total concentration of M+.

Finally, ~R 1

versus [M+]U>ta1+[Blto1adMlbouru1 was plotted again, and K.,<2> was generated. Then steps two and
three were repeated until the Kb value converged to a limiting value.

m.3.2. Protein Concentration Determination
Protein concentration was determined by the "Bradford Assay" method at 595 nm
(Bollag and Edelstein, 1991). The dye reagent was diluted five-fold in deionized water and
filtered through a Whatman No. 1 paper. Standards of protein were prepared from bovine
serum albumin (BSA).
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ID.3.3. Calculation of P 5" Valoes and Hill Coefficients from Hill Plots
The P 50 value and the Hill coefficient (n) were obtained from Hill plots (Stryer, 1995).
log[Y/(1-Y)] = n log (pOJ - n P50

(6)

A plot of log[Y/(1-Y)] versus log (pOJ is called a Hill plot. Y and 1-Y are the fractions of
oxyheme and deoxyheme, respectively; P50 is the partial pressure of oxygen at which 50% of
sites are filled. Oxygen affinity can be characterized by P 50 values. The value of n increases
with the degree of cooperativity; the maximum possible value of n is equal to the number of

0 2 binding sites., i.e., 4. Myoglobin gives a linear plot with n=l.O, whereas for hemoglobin
n

= 2.8.
ID.3.4. BPG Concentration Determination by Using 31P NMR Spectroscopy
The concentration of the intracellular BPG was determined from the following equation:

[BPG]

= {Auro * [BPG].td}

I {Astd *Ht}

(7)

where A8 PO and AwJ are the peak areas of the 31P NMR signals from the intracellular BPG and
standard BPG solution. Ht is the hematocrit, and [BPG]std is the concentration of the standard

BPG solution.

m.3.S. Cs+ Concentration Determination by Using 31Cs NMR Spectroscopy
The concentration of the intracellular Cs+ was determined from equation (8):
(8)

where Ai and AwJ are the peak areas of the
the standard Cs+ solution.
standard CsCl solution.

133

Cs NMR signals from the intracellular Cs+ and

Ht is the hematocrit, and [Cs+]std is the concentration of the
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m.3.6. Determination of Apparent Association Constants CpK) and oH Titration
CoetTteients Cnl by 31P NMR
The pK values and the pH titration coefficients for samples containing BPG alone, BPG
and KCI, BPG and esel, BPG and Mgel 2 , BPG-deoxyHb complex, and BPG-deoxyHb and
esel were obtained according to a previously published equation (Russu et al., 1990):
log[(o0

-

o)l(o - o+)]

= n pK - n pH

(9)

where K is the apparent association constant for the protonation of the ionizable phosphate
groups of BPG (pK
are the
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= -logK),

n is the apparent NMR titration coefficient, and

o, o+, and 0°

P NMR chemical shift values at different pH values, and for the protonated, and

unprotonated states, respectively. In our study, the phosphate groups can be in protonated
(free state) or unprotonated states (bound state). Under these experimental conditions, these
states undergo fast exchange on the
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P NMR chemical shift scale.

We assumed that the

intrinsic chemical shifts do not change upon binding of BPG to Hb.

W.3.7. Cr Emux Rate Constant Determination by 35CI NMR Spectroscopy
The concentrations of intra- and extracellular er were determined from the following
equations:

[elln

= {Ain * [Cl.],td}

[ellout

= {Aout * [ell.Id} I

I {A,td *Ht}

{A.td

* (1- Ht)}

(10)
(11)

where A.111 and Aout are the peak areas for intra- and extracellular 35er resonances, respectively.
Ht is the hematocrit, [Cll,td is the concentration of the standard er solution, and A.td is the
peak area of the 35el NMR signal from the standard er solution. The er efflux was found
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to follow first order kinetics (equation 12)
ln[Cllm = ln[Cr] 0

-

(12)

kt

where [Cr]0 is the initial intracellular chloride concentration, t is the time, and k is the

er

transport rate constant. k was obtained from the slope of plots of ln[Cllm versus time in both
studies of Cr distribution in human RBCs and in LUVs.

ID.3.8. Statistical Analysis
The statistical significance of the differences between the P so values of Hb in the
presence of Mg 2 + and Cs+ was analyzed by one-way analysis of variance (ANOVA). In the
human RBCs containing different levels of BPG, the statistical significance of the differences
between the P so values in the absence and in the presence of CsCl was obtained by use of a
paired Student's t-test.

p

~

0.05 was considered a significantly different for both tests

(Rosner, 1990). Each value reported is an average of measurements made in three separately
prepared samples, and represents as the mean

±

standard deviation.

ID.4. Instrumentation
ID.4.1. NMR Spectrometer
7

Li, 23 Na, 31P, 35Cl, and

133

Cs NMR measurements were obtained at 116.5, 79.4, 121.4,

29.5, and 39.4 MHz, respectively, on a Varian VXR-300 NMR spectrometer with a
multinuclear probe and a variable temperature unit. The spin rate with the 10 mm probe was
18 Hz. All samples containing RBCs and LUVs were run nonspinning to avoid cell settling.
All NMR experiments were run under the same gain settings and absolute intensity conditions.
133

Cs NMR spin-lattice (T 1) and spin-spin (Ti) relaxation time measurements were made at 37
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0

c

by the inversion recovery method (180°-r-90° pulse sequence) and the Carr-Purcell-

Meiboom-Gill (CPMG) pulse sequence [90°-(r-lSD°-r)J, respectively (Gadian, 1982). The
T 1 and T2 values were calculated by fitting the magnetization intensity data to monoexponential
functions using the software provided by the manufacturer of NMR spectrometer. All NMR
parameters and experimental conditions are shown in Table 3.

7

Li,

23

Na, and

133

Cs NMR

chemical shifts were measured relative to external references of 0.15 M LiCl, 0.15 M NaCl,
and 0.15 M CsCl, respectively, in Dp. All 35Cl NMR spectra of Cr and Cl04- solution were
referenced, respectively, to 0.15 M KCl and 0.15 M KC104 in D20.
The areas of the extra- and intracellular 35Cr signals were obtained after performing a
deconvolution of the partially overlapping resonances using NMR-286 software (SoftPulse
Software, Canada), except for Figure 16, set III of the spectra where spectral subtraction was
used. The errors in the area measurements were under 5 %.

ill.4.2. FT-IR Spectrophotometer
All FT-IR measurements were recorded on an ATI Mattson Genesis Series FT-IR
spectrometer with a potassium bromide salt window. The IR spectra were obtained in eight
scans with a resolution of 2 cm· 1•

IIl.4.3. UV/Vis Spectrophotometer
All studies were performed on an IBM UV/Vis 9420 or on a JASCO model V-500
UV/Vis spectrometers. The protein concentration was determined at 595 nm by using the
"Bradford Assay" (Bollag and Edelstein, 1991).
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Table 3.

NMR Parameters of Nuclei Investigated at 7.0 T.

'Li

Frequency /MHz

116.5

79.4

121.4

29.5

39.4

SW /KHz

10

10

10

10-, lOOb

10

AT Is

1.0

0.5

1.5

0.1-, 0.15\ 0.5c:

1.0

PW 90 /µ.s

27

23

12

78

38

Flip angle degree

45

45

45

45c:, 90b

45

Delay /s

30

0

0

0-0.15

25

a3

5

Cl NMR spectra of er-containing solutions were obtained using a flip angle of 45 °, an

acquisition of 0.1 s, and a spectral width of lOK Hz.
"In the study of er distribution in human RBe suspensions, the spectral width was lOOK Hz.
The flip angle was 90 ° and the acquisition time and interpulse delay were both 0.15 s. A
preacquisition delay of 40 µs was used to eliminate acoustic ringing in the probe (Liu et al.,
1996; Riddell and Zhou, 1995).
c:35e1 NMR spectra of eI04--containing solution were obtained using a flip angle of 45 °, an
acquisition time of 0.5 s, and a spectral width of lOK Hz.
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W.4.4. HEMOX-Analyzer
A HEMOX-Analyzer, model B (TCS Medical Company, PA), was used for oxygen
affinity measurements at 37 °C.

The operation principle was based on dual-wavelength

spectrophotometry for the measurement of the optical properties of hemoglobin and a Clark
electrode for measuring the oxygen partial pressure.

Ill.4.5. Centrifuge
A Savant refrigerated centrifuge, model HSC lOK, was used for general blood
processing at 4°C.

Membranes were prepared by using a Beckman J2-21 refrigerated

centrifuge equipped with JA-14 and JA-20 fixed angle rotors.

W.4.6. Viscometer
The viscosity of organic solvents and ionophore solutions was measured with a
Brookfield Cone Plate Viscometer, equipped with a 8° CP-40 cone, at 12 rpm. The viscosity
of ATP, BPG, ADP, Pi, and Hb solutions was adjusted with PVP-360 to 5 cP to correspond
to the viscosity inside RBCs (Morse et al. , 1979).

ill.4. 7. Hemofuge
Hematocrits were measured with an IEC model MB IMl 16 hemofuge.

ill.4.8. Vapor Pressure Osmometer
The osmolarity of all RBC suspension media was checked with a Wescor vapor pressure
osmometer model 55000 and adjusted to 300

±

10 mosM with sucrose and distilled water.
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ill. 4.9.

A

er

er Selective Electrode

selective electrode (Orion Research Inc., MA) was used to monitor the

extracellular and total concentrations of Cr in RBCs treated with both DOC and CO; the
total

er concentration

was determined in lysed RBCs obtained by freezing and thawing the

cells in liquid nitrogen.

CHAPTER IV

RESULTS

IV .1. Characterization of Interaction between Cs+ and BPG
IV.1.1.

133

Cs NMR Relaxation Study of Cs+ Bindine; to ATP. BPG. ADP. Pi'

COHb. and RBC Membranes
Measurements of

133

Cs+ T 1 , T2 , and chemical shift values for Cs+ binding to the

intracellular components ATP, BPG, ADP, Pi, COHb, and RBC membranes are listed in
Table 4. For all of these studies, the concentrations of ATP, BPG, ADP, and Pi were chosen
to match the physiological values in human RBCs; they were 2.0 mM, 5.4 mM, 0.2 mM, and
1.0 mM, respectively.

The concentration of COHb was 2.7 mM, which was below the

physiological value (5.4 mM) in human RBCs.

This is due to the denaturation problems

associated with Hb preparations at high concentration. To investigate the interaction of Cs+
with each of the intracellular RBC components and RBC membranes, two buffers were used
(buffer A and buffer B).

Buffer A only contained KCl, glucose, EDTA, and HEPES,

whereas buffer B consisted of intracellular physiological concentrations of all cations, in
addition to glucose, EDT A, and HEPES. EDTA was used to remove paramagnetic impurities
in the buffers.
For buffer A, the

133

Cs T 1 value for 5.4 mM BPG containing 10 mM Cs+ was 10.7

0.4 s and the corresponding T2 value was 7.3

±

± 0.5 s; the T value of the control sample
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Table 4.

133

T 1, T2 and Chemical Shift Measurements of

Cs+ Binding to the Intracellular Components in Buffers A and B'.

Buffer B

Buffer A
Component

T/s

T/s

Mppm

T/s

T/s

6/ppm

Control

14.1 ± 0.1

11.3 ±0.6

0.07 ± 0.00

14.0 ± 0.2

11.2 ± 1.4

0.13 ± 0.01

2.0 mM ATP

12.9 ± 0.3

10.0 ± 0.5

0.26 ± 0.01

11.9±0.4

9.6 ± 0.8

0.33

± 0.01

0.2 mM ADP

13.8 ± 0.2

10.9 ± 1.0

0.10 ± 0.01

13.9 ± 0.1

11.2

0.10

± 0.01

5.4 mM BPG

10.7 ± 0.4

7.3 ± 0.5

0.57 ± 0.01

9.5 ± 0.5

6.9

0.71

± 0.01

1.0 mM P1

14.0 ± 0.3

10.3

11.7

0.05

± 0.00

2.7 mM COHbb

7.8

membranec

13.0 ± 0.2

± 0.0

± 1.3

0.05

± 0.00

13.9 ± 0.3

± 0.5
± 0.6
± 0.4

± 0.02

2.7

± 0.5

1.62

± 0.03

± 0.1

2.0

± 0.2

0.23

± 0.00

5.9

± 0.2

1.43

± 0.05

6.4

3.5

± 0.00

0.05

± 0.00

13.0

8The reported values represent an average of measurements conducted in three separately prepared samples. The compositions of buffers
A and B are described in Experimental Approach. bA 10 mM concentration of CsCl was used in all experiments except for the sample
containing COHb where the Cs+ concentration was 5 mM. ~he protein concentration in membrane samples was 3 mg/mL.
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without any RBC component was 14.1
0.6 s.

± 0.1

s and the corresponding T2 value was 11.3

±

The T 1 and T 2 values of all other components, such as ATP, ADP, and Pi gave

intermediate T 1 and T 2 values (see Table 4).
concentrations of cations (buffer B), the
Cs+ was 9.5

In the presence of physiologically relevant

133

Cs T, value for 5.4 mM BPG containing 10 mM

± 0.5 s and the corresponding

T2 value was 6.9

±

0.6 s; the T, value of the

control sample (without any RBC components) in buffer B was 14.0
corresponding T2 value was 11.2

±

±

0.2 s and the

1.4 s (Table 4). The T, and T 2 values of all other RBC

components (except for Hb), ATP, ADP, and Pi, also gave intermediate T, and T 2 values in
133

buffer B. The shorter

Cs T, and T2 values in BPG-containing solution are indicative of Cs+

binding of Cs+ to BPG. The T 2 value in BPG-containing solution was lower than the T 1
value, which once again indicates binding of cs+ to BPG.
Since viscosity contributes towards NMR relaxation, the viscosity of all NMR samples
were adjusted with PVP-360 (Morse et al., 1979) to match the intracellular viscosity of 5 cP.
The effect of PVP-360 on

133

Cs relaxation measurement was tested. In buffer A, the T 1 values

of control samples without addition of any RBC component in the absence and in the presence
of PVP-360 were 14.1

±

0.6 s and 11.2

±

± 0.1 s and 14.0 ± 0.2 s,

1.4 s, respectively (n

respectively; whereas T2 values were 11.3

= 3), these data show clearly that there was no

specific interaction between Cs+ and PVP-360. However, the T 1 values of the control sample
in buffer A without and with addition of any RBC component in the presence of glycerol were
2.2

± 0.1

s and 1.9

s and 2.2

± 0.1

s, respectively, and the corresponding T2 values were 2.0

±

0.1

± 0.1 s, respectively (n = 3), which suggests that there is interaction between cs+

and glycerol. That is the reason that we used PVP-360 but not glycerol to adjust the viscosity
of the buffer B.
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The T2 values observed in the presence of COHb at a concentration close to its normal
range in human RBC were smaller than the T2 values in the presence of BPG. That is not
due to specific Cs+ binding to COHb, because previous mes NMR chemical shift
measurements showed that another protein, lysozyme, also caused significant changes in mes
NMR chemical shifts (Wittenkeller et al.' 1992a). mes TI and T2 values in the presence of
2.7 mM lysozyme were 10.3

± 0.6 sand 5.6 ± 0.1 s (n=3), respectively. In the presence

of physiological intracellular cations with the solution viscosity adjusted to 5 cP (buffer B),
the T,, T 2, and chemical shift values in the presence of each intracellular component did not
changed relative to those observed in buffer A (see Table 4).

Anionic phospholipids or

negatively charged amino acid side chains in the RBC membrane protein also provide potential
sites for cs+ interaction. This results in a significant difference between T, and T2 values in
the presence of RBC membrane.
For both buffers, the chemical shifts of the mes+ NMR resonance in the presence of
physiologically relevant concentrations of RBC components follow the same trends as for the
T, and T2 values (Table 4). The chemical shifts of the mes+ NMR resonance were 0.57 ppm
for physiologically relevant concentrations of BPG in buffer A (Table 4). The large mes
NMR chemical shift was due to the binding between Cs+ and BPG. The large mes+ NMR
chemical shifts in the presence of the intracellular RBC components ATP, ADP, and Pi were
46.5%, 14.1 %, and 10%, respectively of those observed with BPG in buffer A.
downfield shift of the

133

The

Cs + NMR resonance observed in the presence of COHb at

concentrations close to its normal range in human RBC was larger than the downfield shift
induced by BPG. However, the downfield shift induced by COHb is not due to specific Cs+
binding to COHb (vide infra). In the presence of unsealed RBC membranes suspended in
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buffer A, the mes+ NMR chemical shift was 0. 05 ppm, which was due to the interaction of
Cs+ and negatively charged phospholipids or amino acid side chains in the RBC membrane
proteins. In the presence of intracellular cations with the solution viscosity adjusted to 5 cP
(buffer B), the

133

Cs + NMR chemical shifts in the presence of each intracellular RBC

components were virtually unchanged relative to those observed in buffer A (see Table 4).
The mes+ NMR chemical shifts shown in Table 4 are in agreement with those previously
reported information (Wittenkeller at al., 1992a); the small variations in chemical shift values
in the two studies are associated with different temperatures used in the two studies (37 °C in
this investigation vs. ambient temperature in the previous report).
To characterize the interaction of Cs+ with RBC components, we calculated the binding
constants of Cs+ to ATP, ADP, BPG, and RBC membrane by using James-Noggle plots
(James and Noggle, 1969). We found that when concentrations of ATP, ADP, and BPG
were 7.5 mM, 10 mM and 10 mM, respectively, more reliable T 1 measurements and thus
more accurate binding constants were obtained (see Table 5). The larger the value of Ki,, the
stronger the binding between Cs+ and a RBC component.

In the presence of inorganic

phosphate {PJ or COHb, the T 1 values did not change as the Cs+ concentration increased,
which indicated that there was no significant interaction between Cs+ and Pi or between Cs+
and COHb (Table 6).

We measured the Cs+ concentrations and the T, values in BPG

suspensions (at a BPG concentration of 10 mM) containing Cs+ in the range of 10 - 200 mM
(Figure 4). From the observed

133

Cs T 1 values, we calculated the binding constant of Cs+,

Ki,, in the BPG suspension by using equation 5; the Ki, value was 66

±8M

1

(r

> 0.90, n

= 3). The total concentration of Cs+ was larger than the concentration of Cs+ binding sites
in the BPG suspension, which confirmed the assumption made in the derivation. of equation

Table S.

133

Cs T 1 Measurements of Cs+ Binding to ATP, BPG, and ADP-·b.

ADP

BPG

ATP
[ATP]/mM T /s

[BPG]/mM

T/s

[ADP]/mMT/s

2.0

10.2 ± 0.5

5.4

5.4±0.1

0.2

13.7 ± 0.6

5.0

10.0 ± 0.2

10

4.8 ± 0.3

2.0

13.7±0.l

10

9.8 ± 0.1

15

3.9 ± 0.3

5.0

13.1 ± 0.4

20

8.8 ± 0.3

20

2.6 ± 0.2

10

12.7 ± 0.3

30

7.2 ± 0.2

15

12.0 ± 0.2

40

6.8±0.1

20

12.0

± 0.2

'Buffer consisted of 10 mM CsCl, 5 mM HEPES, 0.1 mM EDTA, and 20% DP at pH 7 .4. ~he starting concentrations of ATP,
BPG and ADP were chosen according to the physiological conditions.
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Figure 4.

Plot of 1/ .1.R Versus [Cs+] for a Cs+ -Containing BPG Suspension. The BPG

concentration was 10 mM, whereas the CsCl concentration was in the range of 10 to 200
mM. The T, values were obtained with the standard inversion recovery method. The binding

constant value, Ki,, calculated by using all experimental points, was 66

± 8 M'

(r2

> 0.90,

n = 3) at 37 °C. However, when only the T, values obtained for the [Cs+] range 0 - 50 mM
was used, the calculated Ki, value was 25.6

± 2.1 M' (r2 > 0.95, n = 3) at 37 °C. The

stoichiometry of Cs+:BPG binding may increase from 1: 1 to 2: 1 as the [Cs+] increases.
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The K,, value that we obtained for Cs+ binding to BPG is in the same range as that

measured by using

133

Cs NMR chemical shift measurements (Wittenkeller et al., 1992a). The

good linear fit (r > 0.90) of the

133

Cs NMR T 1 values in the presence of BPG is consistent

with a stoichiometry of 1: 1 for the Cs+ -BPG complex. This conclusion is in agreement with
previous

133

Cs chemical shift measurement reported results (Wittenkeller et al., 1992a). The

Cs+ binding constants for BPG, ADP, ATP, and RBC membranes were 66

±

1 M" 1, 25

± 3 M- 1 ,

and 55

± 2 M" 1,

± 8 M-1, 19

respectively (see Table 6).

IV.1.2. 31P NMR Study of the Interaction between BPG and Hb in the Presence
of cs+
31

P NMR chemical shift measurements were used to study the pH dependence of the

interaction between Cs+ and BPG or the Hb-BPG complex (see Tables 7 through 9 and
Figures 5 and 6). Each phosphate group in BPG gives rise to a distinct 31P resonance in the
pH range investigated. As the pH increased, the chemical shift shifted downfield because of
the presence of unprotonated BPG at high pH, which is in agreement with previous results
(Russu et al., 1990). The chemical shift values of 31 P NMR resonances of BPG were the
same in the absence and in the presence of K+ at the same pH; however the chemical shifts
shifted upfield upon addition of Cs+ or Mg2 + for the same pH (Figure 5).

These data

suggested that there was no specific interaction between K+ and BPG; however, a specific
interaction between Cs+ or Mg 2 + and BPG was present. The binding order decreased from
Mg 2 +-BPG to Cs+-BPG.
In the presence of deoxyHb-BPG complex, the chemical shift was moved upfield upon
addition of Cs+ at the same pH value which indicated binding between Cs+ and the deoxyHb-

Table 6.

133

Cs NMR TI Measurements of Cs+ Binding to the Intracellular Components'· b.
T 1 Is

[Cs+] I mM

ATP

ADP

BPG

P,

COHbc

RBC Membrane"

2.0

6.5±0.1

9.2 ± 0.0

3.3 ± 0.2

13.9±0.1

6.8 ± 0.3

4.4 ± 0.1

5.0

6.8 ± 0.2

9.5 ±0.1

3.3 ± 0.6

13.9 ± 0.1

6.3 ± 0.1

5.6 ± 0.2

10

7.4 ± 0.0

9.6 ± 0.1

3.9 ± 0.1

14.0 ± 0.0

6.7 ± 0.1

6.6 ± 0.0

30

7.8±0.1

9.7 ± 0.1

5.0 ± 0.3

13.9 ± 0.1

6.6 ± 0.0

8.9 ± 0.2

50

8.4 ± 0.2

10.9 ± 0.3

5.5 ± 0.2

13.9 ± 0.0

6.5 ± 0.1

9.6 ± 0.3

100

9.1 ± 0.1

11.3 ± 0.2

6.8 ± 0.1

13.8 ± 0.1

6.7 ± 0.0

10.8 ± 0.3

200

10.5 ± 0.2

11.7 ± 0.1

9.1

± 0.0

13.9±0.1

6.5 ± 0.1

11.8 ± 0.2

1000

13.2

± 0.0

6.2 ± 0.0

13.2

~/M·'

25 ± 3

19 ± 1

66 ± 8

55 ± 2

r2

0.96 ± 0.02

0.97 ± 0.04

0.94 ± 0.01

1.0 ± 0.0

± 0.1

13.4

± 0.2

12.4 ± 0.1

14.0

± 0.1

'Buffer consisted of 10 mM CsCl, 140 mM KCl, 0.1 mM EDTA, and 5 mM HEPES, pH 7.4. ~he concentrations of ATP, BPG, ADP,
and P1 were 7.5 mM, 10 mM, 10 mM, and 0.5 M, respectively. cBecause of denaturation problems associated with Hb preparations at high
concentration, the concentration of COHb used here was below the physiological value in human RBCs (5.4 mM). ci.rhe protein concentration
in membrane samples was 3 mg/mL.

-°'

31
P NMR Chemical Shift Measurements of Phosphate Groups of BPG in the Absence and in the Presence of MCI.: (M = K,
Table 7.
Cs, and Mg; x = I for Kand Cs, and x = 2 for Mg) at Different pH Values•.

BPG and CsClb
C-2
C-3
pH

BPG and MgCl 2b
pH
C-2
C-3

BPG Onlyb
pH
C-2

C-3

BPG and KClb
pH
C-2
C-3

4.89

2.83

5.40

5.34

2.92

3.40

4.90

2.70

3.31

4.93

2.76

3.53

5.18

2.88

3.46

5.52

2.98

3.64

5.10

2.72

3.35

5.12

2.93

3.73

5.47

2.94

3.60

5.70

3.09

3.84

5.46

2.81

3.47

5.47

3.22

4.03

5.92

3.25

4.16

6.18

3.46

4.45

5.71

3.00

3.70

5.83

3.82

4.66

6.43

3.86

4.98

6.63

4.08

5.22

6.15

3.30

4.30

6.36

4.40

5.22

6.90

4.56

5.65

7.07

4.80

5.83

6.63

3.90

4.90

6.74

4.78

5.56

7.30

5.21

6.12

7.50

5.46

6.27

7.08

4.51

5.60

7.26

4.96

5.72

7.74

5.80

6.48

7.92

5.80

6.55

7.55

5.27

6.10

7.74

5.03

5.79

8.27

6.19

6.68

8.51

6.29

6.72

7.94

5.72

6.31

8.15

5.03

5.78

8.40

6.23

6.70

8.67

6.31

6.73

8.48

6.10

6.50

8.32

5.03

5.79

8.73

6.31

6.73

9.06

6.40

6.77

8.62

6.13

6.53

8.68

4.95

5.78

9.14

6.36

6.73

9.33

6.41

6.78

9.11

6.22

6.56

9.10

5.03

5.78

9.52

6.41

6.74

9.71

6.42

6.78

9.53

6.22

6.57

9.60

5.03

5.78
~

'Buffers were prepared from 0.1 M Tris-MES (pH 4.5 - 8.5) or Tris-Ches (pH
mM and 150 mM, respectively.

>

8.5). "The concentrations of BPG and CsCl were 5.4
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Table 8.

31

P NMR Chemical Shift Measurements of Phosphate Groups of BPG-deoxyHb

in the Absence and in the Presence of 150 mM CsCl at Different pH Values•.

BPG-deoxyHbb

BPG-deoxyHb and CsClb

pH

C-2

C-3

pH

C-2

C-3

5.10

4.70

5.60

5.10

3.50

4.50

5.38

4.73

5.65

5.55

3.73

4.65

5.50

4.84

5.68

5.85

3.96

4.87

5.57

4.88

5.74

6.06

4.06

5.00

5.95

4.89

5.77

6.12

4.15

5.08

6.48

5.10

5.86

6.42

4.22

5.24

6.80

5.22

6.05

6.78

4.60

5.61

7.12

5.43

6.21

7.12

5.04

5.95

7.55

5.88

6.46

7.39

5.40

6.13

8.13

6.10

6.52

7.80

5.86

6.38

8.28

6.16

6.60

8.49

6.00

6.42

8.38

6.16

6.62

8.71

6.11

6.46

8.78

6.18

6.63

8.80

6.11

6.44

9.00

6.18

6.63

9.00

6.11

6.44

-auffers were prepared from 0.1 M Tris-MES (pH 4.5 - 8.5) or Tris-Ches (pH > 8.5).
"The concentrations of BPG, Hb, and CsCl were 1.5 mM, 1.5 mM, and 150 mM,
respectively.
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Figure 5.

pH Dependence of the

31

P NMR Chemical Shift Values of the Phosphate

Substituents of BPG at the 2 (A) and 3 (B) positions in the Absence of Metal Ions ( • ), or in
the Presence of 150 mM CsCl ( +), 150 mM KCl (T), and 50 mM MgC12
concentration was 5.4 mM.
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Figure 6.

pH Dependence of the

31

P NMR Chemical Shift Values of the Phosphate

Substituents of BPG at the 2 (A) and 3 (B) positions in the Absence ( & ) and in the Presence
(•)of 150 mM CsCl. The concentration of the deoxyHb-BPG complex was 1.5 mM.

,

'\
68

A

8

7

E

6

a.
a.

5

c,o

4

.......

3

2
4

5

6

7

8

9

10

pH
B

8

7

E
c.
c.

6

5

.........

c..o

4
3

2
4

5

6

7

pH

8

9

10

Table 9.

pK Values and 31 P NMR Titration Coefficients for the Phosphate Groups of BPG at 37 °C-·b.

BPG alone

C2-phosphate
pK

7.15

± 0.06 7.08 ± 0.05 7.01 ± 0.06 5.90 ± 0.01 7.01 ± 0.03 6.80 ± 0.03

1.66

± 0.07 0.92 ± 0.06 0.86 ± 0.03

0.96

± 0.05 0.99 ± 0.01

pK

6.90

± 0.04 6.85 ± 0.07 6.62 ± 0.01 5.87 ± 0.04 6.65 ± 0.06 6.50 ± 0.05

n

0.88

± 0.02 0.96 ± 0.08 0.94 ± 0.08 1.15 ± 0.02 0.99 ± 0.01 0.93 ± 0.05

0.98

± 0.03 0.98 ± 0.04 0.99 ± 0.01 0.99 ± 0.01 0.96 ± 0.04 0.96 ± 0.04

n

BPG and
KCl

BPG and
CsCl

0.99

BPG and
MgCl 2

BPG-deoxyHb BPG-deoxyHb
and CsCl

Phosphate Group

1.21

± 0.06 1.21 ± 0.11

1.01

± 0.07

± 0.01 0.99 ± 0.01 0.96 ± 0.04 0.96 ± 0.07

CJ-phosphate

8The reported values represent an average of measurements conducted in three separately prepared samples. bBuffers were prepared from
0.1 M Tris-MES (pH 4.5 - 8.5) or Tris-Ches (pH > 8.5). The ionic strength (150 mM) of KCl, CsCl, and MgC12 was the same in each
sample, and the corresponding concentrations were 150 mM, 150 mM, and 50 mM, respectively.
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BPG complex (Figure 6).

We found that the interaction between Cs+ and the Hb-BPG

complex was stronger at low pH than at high pH. The 31P NMR chemical shifts of each
phosphate group in BPG were fitted as a function of pH to equation (9), and the apparent
association constants (pK) and pH titration coefficients (n) are shown in Table 9; the linear
fits were very good in all calculations (r2

> 0. 95).

IY.1.3. Effect of Cs+ on Oxyeen Affinity of Hb in the Presence and Absence of

From the Hill plots, we found that the Hill coefficients were not significantly affected
by an increase in ionic strength regardless of the salt used (Table 10); the linear fits were
very good in all cases ( r2

> 0. 98 ) . As the BPG concentration increased from 0 mM to 6. 75

x 10·3 M, the value of P50 increased from 14.4 mmHg to 24.3 mmHg. The P50 value of
normal adult Hb is generally in the range of 12 to 16 mmHg (Devenuto, 1989; Sehgal et al.,
1989; Winslow, 1989), which is in agreement with our data.
P 50 value increased from 15.2 mmHg to 25.3 mmHg when BPG concentration increased
from 0 M to 6. 75 x 10·3 M, indicating the BPG bound strongly to deoxyHb (Figure 7). In
the absence of BPG, as the concentrations of KCl, CsCl and MgC12 increased, the P 50 value
increased, indicating the oxygen affinity decreased (Figures 7A and Table 10).

In the

presence of BPG, as the KCl concentration increased, the oxygen affinity still decreased, in
contrast, as the CsCl or MgC1 2 concentrations increased, the P 50 value decreased (Figure 7B
and Table 11). From a one-way ANOV A biostatistical analysis (Rosner, 1990), we found that
the Mg 2 + and Cs+ effects to be significantly different (p

< 0.05). In the presence of BPG,

the Hill coefficients were in the range of 2.5 to 2.9 (r2

> 0.95), there were no statistically

significant differences in the presence and absence of metal ions.
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Figure 7.

Oxygen Affinity of Hb in the Absence (A) and in the Presence (B) of BPG and

Increasing Concentrations of KCI ( •), CsCl ( •), or MgC12

(..,).

The deoxyHb concentration

was 6. 75 x 10·5 M, whereas the BPG concentration was 6. 75 x 10·3 M.

n

A
24

22
20
C>

:c

·E
E
--.
0

18
16

IO

a..

14

12
10
10

30

50

70

90 110 130 150 170

Ionic Strength I mM

B
30

28
C>

::t:

E
E
........
0

26
24
22

IO

a..

20
18
16

I

10

30

50

70

90 110 130 150 170

Ionic Strength I mM

Table 10.

P~ Values and Hill Coefficients of Hb without BPG in the Absence and Presence of KCI or CsCl or MgCli"b·

n

IKdmM

PsJmmHg

0

15.6

± 0.7

2.57

10

16.4

± 0.2

50

18.4

100
150

IMsaJmMC

Psc/mmHg

± 0.13

0

15.7

± 0.7

2.57

± 0.13

2.60

± 0.03

10

16.4

± 0.5

2.51

± 0.05

± 0.1

2.53

± 0.03

30

15.7

± 0.3

2.66

± 0.20

19.4

± 0.4

2.61

± 0.08

50

16.6

± 0.8

2.61

± 0.08

21.7

± 0.3

2.49

± 0.02

n

lc.c/mM

Psc/mmHg

± 0.13

0

15.6

± 0.7

2.57

2.82

± 0.21

10

15.9

± 0.2

± 0.7

2.49

± 0.00

50

18.4

20.4

± 0.6

2.66

± 0.04

100

20.8

± 0.3

2.44

± 0.01

150

n

ari'he concentration of Hb was 6.75 x 10-sM. bFrom Hill plot, all linear fits are good (r2 > 0.98). cAccording to the solubility of MgCl 2
in 0.1 M potassium phosphate buffer (pH 7.4), only 50 mM ionic strength of MgCl2 can be used here.

Table 11.

Pso Values and Hill Coefficients of Hb with BPG in the Absence and Presence of KCl or CsCl or MgCli"b,c.
n

PsJmmHg

n

± 0.06 0

24.3 + 0.4

2.78 + 0.06

2.70

± 0.10 10

22.3 + 0.2

2.64 + 0.03

± 0.3

3.04

± 0.23

30

21.3 + 0.3

2.78 + 0.01

23. l

± 0.3

2.73

± 0.06

50

20.8 + 0.3

2.78 + 0.00

75

22.8

± 0.1

2.50

± 0.01

100

22.8

± 0.7

2.45

± 0.02

PsJmmHg

0

24.3

± 0.4

2.78

± 0.06 0

24.3

± 0.4

2.78

10

24.4

± 0.2

2.82

± 0.02 10

24.1

± 0.2

30

24.9

± 0.3

2.80

± 0.02 30

23.6

50

25.7

± 0.3

2.71

± 0.00 50

75

26.1

± 0.5

2.89

± 0.05

100

27.0

± 0.4

2.82

± 0.06

Ic.c/mM

Pso/mmHg

n

IKc/mM

IMgc./mMd

•in the absence of BPG, the value of Pso was 14.4 ± 0.4 mmHg, then value was 2.80 ± 0.02. '1ne concentrations of BPG and Hb were
6.75 x 10·3 M and 6.75 x 10·5 M, respectively. cprom the Hill plot, all linear fits are very good (r2 > 0.98). dAccording to the solubility
of MgCl 2 in 0.1 M potassium phosphate buffer (pH 7.4), only 50 mM ionic strength of MgC1 2 can be used here.
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IV.1.4. EtTect of Cs+ on Oxygen Affinity of Human RBCs Containing DitTerent
Levels of BPG.
The BPG levels in fresh human RBCs were altered from 3 mM to 26 mM (see Figure
8), and were calculated from equation (7).

The Pso values and Hill coefficients were

calculated from the Hill plot; the P so value increased from 17 mmHg to 32 mmHg, indicating
that the oxygen affinity of these BPG-altered RBCs was decreased. However, the oxygen
affinity of the human RBCs, which were loaded with 12.5 mM CsCl (see Figure 9) and with
varied BPG concentrations (from 3 mM to 21 mM), the Pso value increased from 17 mmHg
to 22 mmHg (Table 12 and Figure 10). However, the oxygen affinity of human RBCs was
larger for Cs+-loaded erythrocytes than for es+-free RBes at the same BPG level. The linear
fits were very good in all cases (r2 > 0.95). There was a significant difference (p

< 0.05)

for the Pso values in the absence and in the presence of CsCl according to a paired Student's
t-test (Rosner, 1990).

IV .2. Characterization of Cr and CIO; Ion Pairing
IV.2.1. EtTect of Various Ionophores on the 35CI NMR Line Width at Half-height
of Cr and CIO 4• in Methanol
35

Cl NMR spectroscopy was used to measure the er and Cl04• line widths at half-height

for methanol solutions in the presence and absence of K + complexes of the two subclasses of
carrier ionophores. Figure 11 shows typical 35Cl NMR spectra of KCl in the absence and in
the presence of two different types of carrier ionophores. The line width at half-height for
35

Cl signal in the absence of ionophore and in the presence of Val and Mon were 100 Hz, 170

Hz, and 118 Hz, respectively. The er line width at half-height was much larger in the
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Figure 8.

31

P NMR Spectra of Cs+ -Loaded RBC Suspensions with Altered BPG Levels.

The concentrations of BPG are (a) 5.4 mM, (b) 14.1 mM, and (c) 26.8 mM, respectively.
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133

Cs NMR Spectra of cs+ -Loaded RBC Suspensions. The corresponding

133

Cs

NMR chemical shifts relative to 0.15 M CsCl-D20 are (a) -3.07 ppm, (b) -2.15 ppm, and (c)
-1.54 ppm, respectively. The Cs+ concentrations were 12.5 mM for all cases.
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Table 12.

P ~ Values and Hill Coefficients (n) of RBCs in the Absence and in the Presence

of CsCl at Different BPG Levelsa,b,c

[Cs+]

= 0.0 mM

[BPG]/mM

P~mmHg

3.0

17.2

5.4

= 12.5 mM

[Cs+]
[BPG]/mM

P~mmHg

± 0.2 2.52 ± 0.04

3.0

17.0

± 0.1 2.59 ± 0.04

19.0

± 0.7 2.77 ± 0.17

5.3

18.1

± 0.2 2.77 ± 0.17

14.1

24.2

± 0.3 2.92 ± 0.01

13.3

19.4

± 0.2 2.66 ± 0.07

21.0

26.4

± 0.1 2.62 ± 0.13

16.7

21.2

± 0.3 2.65 ± 0.05

26.8

32.1

± 0.6 2.82 ± 0.2

21.0

22.3

± 0.4 3.02 ± 0.06

n

n

'The reported values represent an average of measurements conducted in three separately
prepared samples. bBuffers were prepared from 0.1 M Tris-MES (pH 4.5- 8.5) or Tris-Ches
(pH

> 8.5). °The linear fits were very good in all calculations

(r2

> 0.95).
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Figure 10. Oxygen Affinity of RBCs with Different Concentrations of BPG in the Absence
( o ), and in the Presence of 12.5 mM Intracellular Cs+ (•). The intracellular BPG and Cs+
concentrations were measured by
Approach).
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Figure 11.

3

sc1 NMR Spectra of 5 mM KCl in Methanol (a) alone, and in the presence of

(b) 5 mM Val and (c) 5 mM Mon
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presence of valinomycin than in the presence of monensin, which in tum was larger than that
observed in the absence of ionophores. The same trend was found for Cl0 4•• The samples
containing the neutral ionophore, Val, exhibited larger ClQ4• line widths at half-height than
samples containing the carboxylic ionophores Nig, Mon, and Las (Table 13). To allow for
variations in the viscosity of the solvents used in this study, the observed line widths are
corrected by dividing them by the sample viscosity. The trends for tl.11 112111 also show more
line broadening for Val relative to carboxylic ionophores (Nig, Mon, and Las).

IV .2.2. Effect of Cation on Ion pairin2
Table 14 lists the 7Li and 23 Na chemical shifts and line widths at half-height for solutions
containing LiC104 and NaC104 in the presence and absence of Val or Las in methanol. The
35

Cl NMR spectra were also recorded for LiC104 , NaC104 or KC104 , and the line widths at

half-height are also shown on Table 14. The NaC104 samples containing Las had 23Na NMR
line widths approximately 30% larger than those samples containing Val. The 35Cl NMR line
widths at half-height for NaC104 and KC104 were larger for samples containing Val than
Las. The LiC10 4 35Cl NMR line width at half-height for Val and Las were approximately the
same.

IV.2.3. Effect of Solvent on the 35 Cl NMR Line Widths at Half-hei&flt of CI0 4•
Table 15 lists the solvent parameters, donor number, dielectric constant, and viscosity
for each solvent used. The solvents were chosen based on their range of dielectric constants
and donor numbers.

Solvent with high dielectric constants and I or donor numbers are

expected to inhibit ion pairing due to the difficulty in stripping solvent molecules and replacing

86

Table 13.

35

Cl NMR Line Widths at Half-Height for KC104 in the Presence and Absence

of lonophores in MethanoI8.

Ionophore

Line width at half-heightb,e
(Hz)

~v 1 ,/11

5

14

±

8

~V112

±

Line width at half-height/viscosity
(Hz/cP)

Nigericin

9

Monensin

11

±

2

20

±

4

Lasalocid

12

±

1

24

±

2

Valinomycin

16

±

1

28

±

2

13

±

1

23

±

2

Nonactind
without ionophore

'The ionophore and salt concentrations were both 5 mM.

'Line broadening used in the

Fourier transformation (5 Hz) was subtracted out from the observed values. There was no
change in chemical shift from sample to sample.

~ach

value represents the average of

measurements conducted in three separately prepared samples. dNonactin was insoluble in
methanol.
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Table 14.

Effect of Alkali Cations on Ion Pairing Ability of lonophores in Methanol•

Sample

Metal NMR

35

ob/ppm

Cl NMR
ll112b/Hz

llv, 12/Hz

KCIO,.

12.95

±

0.22

KCIO,. +Val

15.56

±

1.05

KC104 +Las

12.25

±

0.76

±

NaC104

33.6

±

0.6

6.67

±

0.02

9.72

NaC104 +Val

64.6

±

0.7

6.65

±

0.01

13.90

±

0.42

NaC104 +Las

84.0

±

2.8

7.33

±

0.01

11.50

±

0.10

LiC104

30.1

±

3.0

3.73

±

0.02

11.44

±

0.53

LiC104 + Val

34.l

±

0.0

3.92

±

0.02

11.21

±

0.31

LiC104 +Las

22.7

±

1.1

3.79

±

0.01

11.59

±

0.45

0.54

•samples were prepared by dissolving each salt in methanol to a final concentration of 5 mM.
lonophores were added to the salt solutions to yield a final concentration of 5 mM. bSamples
containing KC104 were referenced to 0.15 M KC104-Dp, those containing NaC104 were
referenced to 0.15 M NaC104-D20, and those containing LiC104 were referenced to 0.15 M
LiC10 4 • All spectra were recorded twice.

88
Table 15.

Solvent Dielectric Constants, Donor Numbers, and Viscosities (Marcus, 1985).

Solvent

Dielectric Constant Donor Number

Viscosity

Water

78.9

33.0

0.890

Dimethyl Sulfoxide (DMSO)

46.6

29.8

1.996

Acetonitrile

37.5

14.1

0.341

N,N-Dimethylformamide (DMF) 36. 7

26.6

0.802

Nitromethane

35.8

2.7

0.610

Methanol

32.7

25.7

0.545

Acetone

20.7

17.0

0.304

Pyridine

12.3

33.1

0.884

Tetrahydrofuran (THF)

7.58

20.0

0.460

Chloroform

4.90

4.0

0.540
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them by the counteranion Cl04-. The ionophores and KCl were not soluble in most solvents
(except for methanol). But Cl04 - salts were more soluble than the Cr salts, and we found that
NaC104 was more soluble than KC104 in a wider range of solvents; NaC104 is less soluble
than LiC104 in various solvents by factor of 3 to 12, whereas KC104 has a solubility only
10·1 of that of LiC104 (Cotton and Wilkinson, 1988). Since the spherical Cl04• ion is virtually
nonpolarizable and the alkali metal perchlorates form ionic crystals, the high solubility of
LiC104 is mainly attributable to strong solvation of the Li+ ion. From previous studies, we
know that Li+ has a low selectivity for both Val and Las. This is why we chose NaC104
rather than chloride salts to investigate the solvent effects.
We investigated the

35

Cl NMR line widths at half-height of NaC104 in acetone,

methanol, nitromethane, acetonitrile, and DMSO (Table 16). Several other solvents were
tried such as pyridine, chloroform, THF and DMF. However, the insolubility of the K+ ionophore complexes prevented studies in these solvents. In every solvent studied, the 35Cl
NMR line widths at half-height of Cl04 • in the presence of Val are significantly larger than
those observed with carboxylic ionophores. In acetone, nitromethane, and DMSO both Val
and Non were soluble; in these solvents, the line widths at half-height observed with neutral
ionophores (Val and Non) were significantly larger than those observed with Las suggesting
that the line broadening effects are general for this neutral ionophore subclass.
Figure 12 shows a plot of the viscosity-corrected 35Cl NMR line widths at half-height
of Cl04 • in the presence of the ionophores Val and Las. With a decrease in dielectric constant
of the solvent, we observed an increase in the viscosity-corrected line widths at half-height
for both Val and Las containing solutions with r2 values of 0. 996 and 0. 991, respectively.
We did not observe any significant correlations (r

= 0.15)

between line widths and donor

Table 16.

Effect of Solvent on the 35Cl NMR Line Widths at Half-Height for NaClO, •.
.&v112' Hz (.&v 1,/71, Hz/cP)b

Solvent (E/DNt

None

Acetone

10.5 ± 0.1
12 ± 0.1
13.0 ± 0.4
10.5 ± 0.1
10.3 ± 0.9
10.5 ± 0.5
(34.5 ± 0.5) (39.6 ± 0.2) (39.4 ± 1.2) (34.6 ± 0.4) (31.2 ± 2.7) (35.0 ± 1.5)

(20. 7/ 17. 0)
Methanol

(32.7/25.7)
N itromethane

(35.9/2.7)
Acetonitrile

(37.5/14.1)
DMSO

(46.7/29.7)

Val

Non

9.7 ± 0.5
13.9 ± 0.4
----dd
(17.8 ± 0.9) (25.5 ± 0.8) ----

Las

4.8 ± 0.1
(2.4 ± 0.1)

7.6 ± 0.4
(3.8 ± 0.2)

d

7.2 ± 0.5
(3.6 ± 0.3)

Mon

10.5 ± 0.1
9.1 ± 4.8
11.2±2.0
(19.3 ± 0.1) (14.2 ± 7.4) (19.6 ± 3.8)

10.3 ± 0.4
12.0 ± 0.3
12.1 ±0.2
10.3 ± 0.4
(16.9 ± 0.7) (19.7 ± 0.9) (20.5 ± 0.3) (16.8 ± 0.6)
4.6 ± 0.2
6.5 ± 0.4
(13.3 ± 0.6) (19.1 ± 1.2)

Nig

4.9±0.1
(14.5 ± 0.2)
3.8 ± 0.3
(1.9 ± 0.1)

d

d

d

d

----d

----d

'The ionophore and salt concentrations were both 5 mM. ii-he observed line widths at half-height are followed by the viscosity-corrected
values in parentheses, and each value represents the average of measurements conducted in three separately prepared samples. Line
broadening used in the Fourier transformations (5 Hz) was subtracted out from the observed values. There is no change in chemical shift
from sample to sample. °The dielectric constant, E, and the donor number, DN, given in parentheses under each solvent. dlnsoluble.
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Figure 12. Plot of Viscosity-Corrected Line Widths at Half-Height of the

35

Cl NMR

Resonances of NaC104 Versus Dielectric Constant, E, for Val (*) and Las (o) Solutions.
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numbers.

IV .2.4. Effect of pH on Ion Pairing
The effect of pH on the

35

Cl NMR line widths at half-height for KC10 4 samples

containing Val or Mon in methanol was studied. The carboxylic group of Mon is protonated
at low pH (Amat et al., 1988). The 35Cl NMR line width at half-height changed from 15.34

± 0.32 Hz (pH

= 7.2, n = 3) to 27.26

± 0.25 Hz (pH

width at half-height for Val changed from 22.39
0.35 Hz (pH
ionophore.

=

2.9).

±

= 2.9, n = 3). The 35Cl NMR line

0.45 Hz (pH

= 7.2, n = 3) to 26.57 ±

By lowering pH, Mon was protonated thereby forming a neutral

An overall charge of

+1

existed in the ionophore-K+ complex, and the Mon-

K+ complex formed an ion pair with Cl04••

IV.2.S. Effect of Various Ionophores on the FT-IR Spectra of CJQ 4• in Nujol
There are four normal modes for vibration of a tetrahedral molecule (KC104 )
and

114

are infrared active (Table 17) (Nakamoto, 1986). The

113

and

114

;

only

113

frequencies are in the

range 1050-1170 cm·' and 625 cm·', respectively. In the region of 1050-1170 cm·', Val and
Las have strong absorbance. But at 625 cm·1, Val (598 cm- 1) and Las (601 cm-') have less

absorbance. We decided to chose

114

band to study ion pairing of Cl04-. Figures 13 and 14

depict the FT-IR spectra of perchlorate in the absence and presence of Val and Las. FT-IR
spectra were obtained on the mixtures of perchlorate and ionophore in Nujol; the wavelength
region studied was from 1800 to 500 cm·'.
bending frequency band

114

The 625 cm·' wavelength corresponds to the

of Cl04·; coordination of KC104 shifts this band from 625 cm·' to

627 cm· 1 in Val samples (Figure 13) but not in Las samples (Figure 14). The control samples

Table 17.

Correlation Table for T 4 , C 3., and C 2111 (Nakamoto, 1986).

point group

P1

P2

V3

Td

A 1(R)

E(R)

F 2(1,R)

F 2(1,R)

C3.,

A 1(1,R)

E(R)

A 1(1,R) + E(l,R)

A 1(1,R)+E(I,R)

C2.,

A 1(1,R)

A 1(1 ,R) + A2(R)

A,(I,R) + B1(1,R) + B2(1,R) A 1(I,R)+B 1(1,R) + B2(1,R)

V4

'I indicates infrared active, R means Raman active. For KC104 (T4 group) only v3 and v4 are infrared active.
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Figure 13. FT-IR Spectra of Val in Nujol (a) in the absence of KC104 , and (b) in the

presence of KC104 • Three separate measurements were performed.
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Figure 14. FT-IR Spectra of Las in Nujol (a) in the absence of KC10 4 , and (b) in the
presence of KC104 • Three separate measurements were performed.
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spectra (no ionophore) are shown in Figure 15.

The Fr-IR spectra for Nujol solutions

containing Nig and Mon were similar to those of Las (data not shown).

IV .3. Shift Reagent Methods
IV.3.1. Lanthanides Shift Re32ents
The chemical shift of lanthanide complex is given by the following equation (Geraldes,
1993):
(13)

where Acf is the diamagnetic complex formation shift, Ad is the dipolar or pseudocontact shift,
and Ac is the contact shift. The value of Acf is assumed to be constant through the lanthanide
series, which arises from electrostatic interactions. Therefore, the observed chemical shift of
lanthanide complex is proportional to the dipolar value (Cj) and contact value ( < Sz >) by
equation (14):

Ao = G(Cj) + F( < Sz>)

(14)

where G and F are ligand dependent parameters. Table 18 shows lanthanide dipolar values
and contact values. Based on the dipolar and contact values, we chose from this Table the
lanthanides which have the largest contributions of C; and

< Sz> to the chemical shift. We

measured the chemical shifts and line widths at half-height of 35Cr signal in the presence of
[Gd(TTHA)]\ [Tb(TIHA)] 3-, [Dy(TTHA)] 3-, [Ho(TTHA)] 3-, [Er(TIHA))3-, and [TmHDOTPt
(see Table 19).

IV .3.2. Transition Metal Shift Re32ents
In attempting to shift the 35Cr resonance, we tried several transition metal. ions and

100

Fipre 15. Ff-IR Spectra of (A) KC10 4 alone, (B) Nujol alone, and (C) KC104 in Nujol.
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Table 18.

Theoretical Dipolar Value (Cj) and Contact Value ( < Sz >) (adapted from

reference by Geraldes, 1993).

Lanthanide

Cerium (Ce)

-6.3

-0.98

Praseodymium (Pr)

-11.0

-2.97

Neodymium (Nd)

-4.2

-4.49

Samarium (Sm)

-0.7

0.06

Europium (Eu)

4.0

10.68

Gadolinium (Gd)

0.0

31.50

Terbium (Th)

-86

31.82

Dysprosium (Dy)

-100

28.55

Holmium (Ho)

-39

22.63

Erbium (Er)

33

15.37

Thulium (Tm)

53

15.37

Ytterbium (Yb)

22

2.59
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Table 19.

35

Cr NMR Chemical Shifts and Line Widths at Half-height of Lanthanide

Lanthanide Complex

Chemical Shift/ppm

Line Width at Half-height/Hz

10 mM [Gd(TIHA)] 340 mM [Gd(TIHA)] 3-

1.1
4.2

18.4
20.2

10 mM [Th(TIHA)]3"
40 mM [Th(TIHA)] 3-

2.2
8.6

21.3
23.4

10 mM [Dy(TIHA)] 340 mM [Dy(TIHA)] 3-

2.1
7.9

17.3
19.1

10 mM [Ho(TIHA)] 340 mM [Ho(TIHA)]3°

1.7
6.8

15.7
17.3

10 mM [Er(TIHA)]3"
40 mM [Er(TIHA)]3"

1.8
6.8

12.8
14.1

10 mM [TmHDOTP] 440 mM [HTmDOTP]4"

0.8
4.9

15.1

The Cr concentration was 0.1 M. Chemical shifts were measured relative to 150 mM NaCl
in 20% 0 20. ~e reported values were the average of two separately prepared samples.
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transition metal complexes. The 3sCl NMR chemical shifts and line widths at half-height in

the presence of CoCll, NiCll, FeCll, and FeC~ are listed in Table 20. Among the compounds
studied, the value of the chemical shift difference between two resonances was the largest in
the presence of FeCll, and so was the line width at half-height. However, CoCll gave the
narrowest line width at half-height and provided enough discrimination of the 3scr signal in
the solution of inner and outer NMR tubes.
Figure 16 shows 3sCl NMR spectra of 0.1 M NaCl in the presence of various
concentrations of CoCll. For CoCll concentrations of 10 mM, 20 mM, 30 mM, and 40 mM,
the chemical shifts were 11.8 ppm, 24.1 ppm, 34.3 ppm, and 42.9 ppm, respectively; the line
widths at half-height were 105 Hz, 172 Hz, 244 Hz, and 305 Hz, respectively. The induced
chemical shift and line width at half-height increased as the concentration of the SR increased.
It is known that the Co(II) cation is toxic to all living cells.

Hence, we tried to

investigate what kind of Col+ complexes would provided a good separation of the chemical
shift of the two resonances and a narrow line width at half-height. Table 21 lists 3sC1 NMR
chemical shifts and line widths at half-height in the presence of several Col+ complexes, such
as [Co(EDTA)lf, (CoEDDA)l-, [Co(DTPA)lt, [Co(DPA)l]2", [Co(acac)i:L [Co(Gly) 3L
[Co(Ala)3]", and [Co(HO-Pro)i-. We found that [Co(Gly) 3L [Co(Ala)3L and [C(HO-Pro)Jl-

r

gave similar chemical shifts and the narrowest line. widths at half-height, with [Co(Gly3 being
slightly better than the other two SRs. Based on this study, we chose to use [Co(Gly)3r as
an SR to study Cr distribution in human RBCs.

IV .4. Application of Shift Reagent Method to Study Cr Distribution in Biological Systems
IV.4.1. Human RBC Suspensions

105

Table 20.

3

'Cl NMR Chemical Shifts and Line Widths at Half-Height in the Presence of
Transition Metal Complexes at Various Concentrations •.b

Shift Reagent

Chemical Shift/ppm

Line Width at Half-height/Hz

10 mM CoCl2
20 mM CoCI2

9.1
19.8

101
183

10 mM NiC12
20 mM NiCl2

3.3
6.7

9

10 mM FeCl2
20 mM FeCl2

17.6
34.5

516
1025

10 mM Fee~
20 mM FeC13

4.1
10.5

10

c

532

'The er concentration was 0.1 M. Chemical shifts were measured relative to 150 mM NaCl
in 20% 0 20. "The reported values were the average of two separately prepared samples.
°Two peaks were overlaped, line width at half-height could not be obtained.
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Figure 16.

Cl NMR Spectra of 0.1 M NaCl in the Presence of CoC~ (a) 10 mM, (b) 20

35

mM, (c) 30 mM, and (4) 40 mM. The inner NMR tube contained 0.1 M NaCl, which was

used as a reference.

The symbols i and o denote NMR resonances originating from the

solution of the inner and outer NMR tubes, respectively.
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Table 21. 3~Cl NMR Chemical Shifts and Line Widths at Half-Height in the Presence of
Co (II) Complexes at Various Concentrations•·b.

Shift Reagent

Chemical Shift/ppm

Line Width at Half-height/Hz

10 mM (CoEDTA) 220 mM (CoEDTA)2-

2.8
4.9

12
172

10 mM (CoEDDA) 220 mM (CoEDDA)2-

7.0
12.9

120
244

10 mM [Co(DTPA)J 4 20 mM [Co(DTPA):J4-

2.5
5.3

13.8
43

10 mM [Co(DPA) 2]2°
20 mM [Co(DPA)i)2-

3.4
8.0

48
88

10 mM [Co(acac)i]2-c

1.6

----

10 mM [Co(Gly)h-

20 mM [Co(Gly)] 3-

10.9
21.2

88
182

10 mM [Co(Ala)] 320 mM [Co(Ala)] 3-

9.1
19.5

100
212

10 mM [Co(HO-Pro)2] 2•
20 mM [Co(HO-Pro)J 2-

9.0
21.2

91
183

d

The er concentration was 0.1 M. Chemical shift was measured relative to 150 mM NaCl
in 20% 0 20. "The reported values were the average of two separately prepared samples.
°The maxmium concentration of [Co(acac) 2] 2• was 10 mM because of the solubility problems.
'7wo peaks were overlaped, the line width at half-height could not be measured.
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We found that the intra- and extracellular 35Cl NMR signals can be resolved in human
RBC suspensions containing CoCI2 as an SR. This is due to interaction between Co 2 + and
extracellular Cr in RBCs, which results in two magnetically different compartments and gives
two "er NMR resonances. Several concentrations of CoC12 (20 mM, 30 mM, 40 mM, 50
mM, 60 mM, and 80 mM) were examined in an attempt to find out the minimum amount
of CoC1 2 that was needed to study er distribution in human RBC suspensions. We found that
40 mM CoC12 was sufficient to differentiate the intra- and extracellular 35Cr signals in RBCs.
Because the intracellular 35Cr signal is not 100% visible by using

35

Cl NMR (Riddell and

Zhou, 1995), it was necessary to use a high hematocrit to study er distribution in human
RBCs.

When we used Co2 + as an SR, we found that 70% Ht was suitable to study er

distribution in human RBC suspensions.
The broadened intracellular Cr signal is due to the strong binding of Cr to Hb (Falke
et al., 1984). To improve the experimental conditions for the clear observation of two 35Cr
signals in human RBC suspensions containing Co2 + as an SR using 35Cl NMR spectroscopy,
two types of experiments were performed.
First, four different treatments of RBCs were used, regular human RBCs, CO-treated
RBCs, DOC-treated RBCs, or RBCs treated with both DDC and CO (see Experimental
Approach).

The paramagnetic contributions of Fe (II) Hb and Cu (II), Zn superoxide

dismutase (SOD) may have resulted in broadening of the intracellular 35Cr signal in human
RBCs. Paramagnetic high spin Fe (II) in deoxyHb was converted into diamagnetic low spin
Fe (II) in COHb by passing the RBC suspensions through CO gas, and the paramagnetic Cu
(II) in SOD was reduced to diamagnetic Cu (I) by using a reducing reagent (DDC) (Scarpa
et al., 1991).

It has been reported that some metal chelates of DOC may induce lysis of
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RBCs (Agar et al., 1991); under our experimental conditions, this effect of DOC is, however,
not important as shown by the constant hematocrit value in cell suspensions containing
[Co(Gly) 3f (vide infra). From these experiments, we found that RBCs treated with both DOC
and CO were the most suitable to study

er distribution

in RBCs, because the line width at

half-height of intracellular Cr was decreased by 118 Hz (15% change).

Paramagnetic

interactions with Hb and SOD are not, however, the major factor governing the line width
of the intracellular 35Cr resonance.
Second, several SRs, (CoEDTA) 2·, [Co(DTPA)J 4-, [Co(acac)J 2·, [Co(DPA)J 2-, vitamin
B 12 ,

[Co(Gly) 3L

[Co(Ala) 3L

TmHOOW were tested.

[Co(HO-Pro)2]2", FeC13 ,

[Fe(Pro)3t, Dy(TTHA)'°, and

There was no separation between intra- and extracellular

35

Cr

signals in RBC suspensions at 70% Ht treated with both DDC and CO, and containing 40 mM
CoEDTA2·, 40 mM [Co(DTPA)J4-, 10 mM [Co(acac)J 2·, 40 mM [Co(DPA)J 2·, 10 mM
vitamin B 12 , 40 mM FeCl3 , 40 mM [Fe(Pro)3] \ 40 mM Dy(TIHA),_, and 40 mM
HTmOOTP4-.

We could not use concentrations higher than those indicated above for

[Co(acac)2] 2• and vitamin B12 because of solubility problems.

Although lanthanide shift

reagents are powerful tools for alkali metal NMR studies (Mota de Freitas, 1993), they were
found in this study not to be effective shift reagents for 35Cl" NMR distribution and transport
studies presumably because the high negative charges on Dy(TIHA)'" and HTmDOTP4presumably repelled er. In RBC suspensions at 70% Ht treated with both DDC and CO, and
containing 40 mM [Co(Gly) 3]", 40 mM [Co(Ala)3]", or 40 mM [Co(HO-Pro)J 2·, respectively,
the difference between the two resonances were 34.5 ppm, 28.0 ppm, and 32.0 ppm,
respectively.

Of all the complexes that provided discrimination of the intra- and the

extracellular 35Cr signals, [Co(Gly) 3]" was the best SR, which gave the narrowest line widths
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at half-height for both the extracellular (200 Hz) and the intracellular (673 Hz) 35Cr signals.
The line width at half-height for intracellular er in RBC suspensions containing [Co(Gly)3]"
(673 Hz) was also significantly smaller than those observed in RBC suspensions containing
either [Co(Ala) 3]" (732 Hz) or [Co(HO-Pro),J 2• (1017 Hz) presumably because there was free
Co2 + slowly leaking into the cells when either of the latter two SRs were used. The amount
of [Co(Gly)3 ]" was optimized in RBC suspensions treated with both DDC and CO containing
[Co(Gly) 3]", and a concentration of 40 mM of [Co(Gly)3]" was found to differentiate the two
35

Cr signals well.
Figure 17 shows the time dependency of the

35

Cl NMR spectra of RBCs at 70% Ht

treated with both DOC and CO containing one of two SRs, [Co(Gly) 3]" and CoC12 , or a
relaxation agent, MnC1 2 , respectively, over a three hour period.

The Ht and the Hb

concentration in the supernatant were measured at the beginning and at the end of each
experiment. The use of Ht measurements is under the assumption that the cell volume is not
changed during a three hour period.

For the set of spectra labelled I in Figure 17, the

chemical shift difference between the two resonances was constant at 34.5 ppm, whereas the
line width at half-height of the extra-and intracellular 35Cr signal remained constant at 200 Hz
and 673 Hz, respectively; the extra- and intracellular 35Cr signal peak areas, which were
obtained by spectral deconvolution (see Experimental Approach), were constant at 79.3 and
52.1, respectively. The Ht value remained constant at 70%, and the concentration of Hb in
the supernatant was negligible. For the set of spectra labelled II in Figure 17, the chemical
shift difference between the two resonances were 32.4 ppm, 30.5 ppm, 28.0 ppm, 27.0 ppm,
and 26.0 ppm, respectively, at time 20 min, 60 min, 100 min, 140 min, and 180 min,
respectively (this time refers to the midpoints of data accumulation); the line widths at half-
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Figure 17.

35

Cl NMR Spectra at the Midpoints of Data Accumulation (a) 20 min, (b) 60

min, (c) 100 min, (d) 140 min, and (e) 180 min of RBC Suspensions Treated with both DOC
and CO at 70% Ht containing (I) 40 mM [Co(Glyhr, 60 mM NaCl, 10 mM glucose, and 50
mM HEPES, pH 7; (II) 40 mM CoC12 , 60 mM NaCl, 10 mM glucose, and 50 mM HEPES,

pH 7; and (III) 20 mM MnC12 , 90 mM NaCl, 10 mM glucose, 50 mM HEPES, pH 7,
respectively. The symbols i and o denote NMR resonance originating from the intra- and
extracellular RBCs, respectively.
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height of the extracellular 35Cr signals were 389 Hz, 403 Hz, 373 Hz, 357 Hz, and 353 Hz,
respectively; the line widths at half-height of the intracellular 35Crsignals were 761 Hz, 761
Hz, 717 Hz, 761 Hz, and 761 Hz, respectively; the extracellular 35Cr signal peak areas, which
were obtained by spectral deconvolution (see Experimental Approach), were 119.0, 116.4,
118.4, 123.1, and 114.0, respectively; the intracellular

35

Cr signal peak areas were 58.1,

59.3, 57.0, 57.7, and 61.1, respectively. The Ht value decreased from 72% to 68%. The
concentration of Hb in the supernatant increased from 0 mM to 0.13 mM.

For the set of

spectra labelled III in Figure 17, the line widths at half-height of the intracellular 35Cr signals
were 897 Hz, 1235 Hz, 1397 Hz, 1626 Hz, and 1726 Hz, respectively, at time 20 min, 60
min, 100 min, 140 min, and 180 min, respectively; the extracellular 35Cr signal peak areas,
which were obtained by subtraction of the signal obtained in the presence of Mn2 + from that
measured in its absence, were 97, 100, 102, 109, and 115, respectively; the intracellular 35Cr
signal peak areas were 51.9, 48.8, 46.5, 40.1, and 34.1, respectively.

The Ht value

decreased from 70% to 65%. The concentration of Hb in the supernatant increased from 0

mM to 0.16 mM.
The ratio of intra- and extracellular chloride concentrations ([Cllm I [CllouJ are listed
in Table 22. For a comparison,

35

Cl NMR spectroscopy and Cr electrode techniques were

used to monitor the ratio of [Cr]in I [Cllout during a one hour period. The ratios of [Cllm I
[Cllout remained constant within one hour in RBC suspensions treated with both DOC and CO

r

containing the SRs, [Co(Gly) 3 and CoC1 2, or the relaxation agent MnC12• The ratios obtained
31

with the Cr electrode are in agreement with the reported values using 19F NMR and P NMR
measurements (Griesser and Sigel, 1971; Martell, 1974; Wittenkeller et al., 1992b). The ratio
of [Cll/[Cr]out that we obtained with the er selective electrode was twice that measured by
35

Cl NMR. This difference is due to the fact that the visibility of intracellular Cr in
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Table 22.

The Ratio of [Cll/[Cr)out in RBC Suspensions at 70% Ht Treated with Both

DOC and CO, and containing (A) [Co(Gly)3L (B) CoC1 2 , and (C) MnC12 , respectively, with
time dependency using either 35Cl NMR or a Cr electrode (n = 3):

35

Cl NMR

Cr Electrode
time I min

[Cllm I [Cllout

Reagent

time I min

[Cllm I [Cllout

Ab

20

0.28

± 0.01

5

0.58

± 0.04

60

0.28

± 0.01

60

0.61

± 0.03

20

0.26

± 0.01

5

0.50

± 0.04

60

0.26

± 0.01

60

0.55

± 0.03

20

0.29

± 0.04

5

0.64

±

60

0.28

± 0.04

60

0.54

± 0.05

BC

Cd

0.05

The ratio [Cllm/[Cr]out was calculated from the expression Ii(l-Ht)/I0 aHt, where Ii and I0 are
the intra- and extracellular resonance intensities observed, a is the gravimetrically determined
fractional water volume of RBC (a
hematocrit.

=

0. 72)(Wittenkeller et al., 1992b), and Ht is the

For both methods, the concentrations are expressed in terms of liters of

intracellular water. b40 mM [Co(Gly) 3L 60 mM NaCl, 10 mM glucose, and 50 mM HEPES,
pH 7. c40 mM CoC1 2 , 60 mM NaCl, 10 mM glucose, and 50 mM HEPES, pH 7. ~O mM
MnC12 , 90 mM NaCl, 10 mM glucose, and 50 mM HEPES, pH 7.
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erythrocytes is not 100% using 3:1Cl NMR spectroscopy (Boulanger and Vinay, 1990).
The exchange of er with H2Po 2• was studied in RBC suspensions treated with both
DOC and CO in the presence of 40 mM [Co(Gly) 3r.

The changes in the area of the

intracellular 3!!Cl NMR signal are shown in Figure 18. The Ht value remained at 70% during
three hours. We found that the hypophosphite anion was a suitable monovalent anion to study

anion transport in RBC suspensions treated with both DDC and CO in the presence of
[Co(Gly} 3r. As time increased from 20 minutes to 180 minutes, the percent decrease in the
peak area of the intracellular 3:1Cr signal was 27.1

± 1.0% (n

= 3, where n is the number

of samples studied). The hematocrit did not change during this period. The ratio of [Clln
/[Cllout also decreased as time increased. These results indicate that there is exchange between
Cr and H2PO;, which is in agreement with previously reported information (Labotka and
Omachi, 1987). Cr-H2PO; exchange in RBC suspensions followed first order kinetics. The
efflux rate constant was determined from a plot of In Ain versus time, and was found to be
0.0024

± 0.0008 min· 1 (n = 3). The reliability of the fittings for the regression lines, as

expressed by

r2

values (Rosner, 1990), was good for the calculations (r

> 0.90).

IV .4.2. Vesicle Systems
We tested the effects of Co 2+ on the 3!!Cl resonance of er in solution and have shown
that when added to suspensions of lipid vesicles, Co 2 + shifts the 3!!Cl signal of the
extravesicular er. Two peaks can be observed which show clear resolution (see Figure 19).
The shift reagent Co(N0 3} 2 (8mM) was added into each LUY sample.

The separation of

intravesicular and extravesicular er resonances is sufficient to study er transport.
Hill and Shulman ( 1992) have characterized the effects of Co2 + on the 3!!Cl NMR
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Figure 18.

3

~Cl NMR Study of Cr-H2Po2• Exchange in RBC Suspensions at 70% Ht Treated

with Both DOC and CO, and Containing 40 mM [Co(Gly)3L 15 mM NaCl, 45 mM
N~P02 ,

10 mM glucose, and 50 mM HEPES, pH 7. The time periods indicated in the

figure refer to the midpoints of data accumulation.
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Figure 19.

35

Cl NMR Spectra of a Suspension of Lipid Vesicles in 100 mM NaCl in the

Absence and in the Presence of SR, Co(N0 3) 2 at 37 °C. (A) 0.15 M NaCl-020 reference,
(B) LUVs in suspensions, and (C) LUVs

15 mg/mL.

+ 8 mM Co(N03) 2 (SR). Lipid concentration was

The symbols i and o denote NMR resonance originating from the intra- and

extravescular LUVs, respectively.
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resonance of

er in suspensions of lipid vesicles; they found that the 3'Cr chemical shift

difference between intra- and extravesicular did not change over a 90-min period. We found,
however, that the intravesicular 3'Cr signal peak areas were slightly decreased as time
increased in Co2 + -containing vesicle suspensions (data not shown). Table 23 lists

er efflux

rate constants in several types of LUVs at 37 ° C. In the type of LUVs which contained 100

mM NaCl LUVs in a 50 mM KCl and 50 mM KN0 3 suspension, the intravesicular 3'Cr signal
peak area decreased as time increased in the presence of Val, and the intravesicular 3'Cr sinal
peak area slightly decreased in the presence of Nig or without ionophore. The
found to follow first order kinetics. The rate constant {k

= 5. 7 x 10-

3

min- 1, n

er efflux was

= 2) was three

times larger in the presence of Val compared with Nig present or without ionophore (k

= 1.8

x 10-3 min- 1 , n = 2). In the other types of LUVs, such as 100 mM NaCl LUVs in a 100 mM
KCl suspension, 100 mM KCl LUVs in a 100 mM KCl suspension, and 50 mM KCl and

50 mM KN0 3 LUVs in a 100 mM NaCl suspension, all intravesicular 3'Cr signal peak areas
were slightly decreased as time increased in the presence of Val or Nig or without ionophore.
All the exchange rate constants were 1.8 x 10-3 min-' (n

= 2).

These maybe due to Co2 +-

induced passive chloride exchange, or vesicles bursting or fusing.
good in all calculations

The

r2 values are very

(r2 > 0.90).

r

When [Co(Gly) 3 was applied as an SR (Lin and Mota de Freitas, 1996), the same types
of LUVs were used to study

er transport in the presence or in the absence of ionophores.

We also found that only in the type of LUVs which contained 100 mM NaCl LUVs in a 50

mM KCl and 50 mM KN0 3 suspension, the Cr efflux followed first order kinetics with a
rate constant of 1.70 x 10-3 min- 1 in the presence of Val, and the intravesicular 3'Cr signal
peak areas were not changed in the presence of Nig and in the absence of ionophore (see
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Table 23.

Cr Efflux Rate Constants in LUVs at 37

°c-·b.

Type of LUVs

Ionophore

n

Rate Constant/min· 1

100 mM NaCl LUVs in a
50 mM KCl and 50 mM KN03
suspenson

0.005 mM Val
0.005 mM Nig
w/o ionophore

2
2
2

5.7 x 10·3
1.8 x 10·3
1.8 x 10·3

100 mM NaCl LUVs in a
100 mM KCl suspension

0.005 mM Val
0.005 mM Nig
w lo ionophore

2
2
2

1.8 x 10·3
1.8 x 10·3
1.8 x 10·3

100 mM KCl LUVs in a
100 mM KCl suspension

0.005 mM Val
0.005 mM Nig
w/o ionophore

2
2
2

1.8 x 10·3
1.8 x 10·3
1.8 x 10·3

50 mM KCl and 50 mM KN0 3
LUVs in a 100 mM NaCl
suspenson

0.005 mM Val
0.005 mM Nig
w/o ionophore

2
2
2

1.8 x 10·3
1.8 x 10·3
1.8 x 10·3

-Chemical shift was measured relative to 150 mM NaCl in 20% op. The concentration of
the SR, Co(N03) 2 , was 8 mM. "The reported values were the average of two separately
prepared samples.
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Figure 20).

IV.4.3. Skin Fibroblast Cells
35

To investigate er distribution in skin fibroblast cells by Cl NMR spectroscopy, some
preliminary experiments were conducted.

In this study, a skin fibroblast cell line from a

normal individual was used from which cells were grown (see Experimental Approach). An

r

SR, [Co(Gly) 3

(up to 40 mM), was added to the medium to discriminate intra- and

extracellular 35Cr signals by 35Cl NMR. The pH of the Dulbecco' modified Earle's medium

r

(4 mL) with several concentrations of [Co(Gly)3 such as 6 mM, 12 mM, or 40 mM, was
adjusted to 7.4 prior to addition of cells; thirteen flasks containing confluent monolayer cells
were used to perform a single

35

Cr NMR experiment.

resulting a cell density of 6.25 x 10

9

Approximately 2.6 x 10

7

cells

cells/L in an NMR sample. We were unsuccessful in

obtaining a separation between the two resonances for this cell type. That may due to the
following reasons.

er

First of all, the NMR dynamic imbalance resulting from a large

concentration present in the suspension, which made the intracellular

35

er signal

difficult to

observe. Secondly, the cell density used was not high enough to observe the intracellular

er

35

resonance, and I or the intracellular 35er resonance is not NMR visible. Finally, most of the
cells may be not alive during the one hour period required for the NMR measurement.

er

signal was observed in the presence of the relaxation agent

MnC1 2 at 10 mM (Figure 21).

The cell viabilities were measured during a one hour Cl

However, the intracellular

35

NMR experiment. The cell viabilities were 763 and 69% in the presence of 10 mM MnC!i
at time zero and one hour; however, the cell viabilities were 90% and 80% in the presence
of 12 mM [Co(Gly3)]" at the begining and at the end of the experiment. The control viability
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Figure 20.

35

Cl NMR Spectra at the Midpoints of Data Accumulation (a) 5.5 min, (b) 38.5

min, (c) 71.5 min, and (d) 104.5 min of 100 mM NaCl LUVs in a 50 mM KCl and 50 mM

KN03 Suspension at 37 °C in the presence of mixture of 8 mM Co(Gly) 3)" and (A) 0.005 mM
Val, (B) 0.005 mM Nig, and (C) without ionophore. Lipid concentration was 15 mg/mL.
The symbols i and o denote NMR resonance originating from the intra- and extravescular
LUVs, respectively.
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Figure 21.

Cl NMR Spectra of a Suspension of Human Skin Fibroblast Cells (2.5 x 107)

35

in Dulbecco' Modified Earle's Medium (4 mL) in the Absence and Presence of a Relaxation

Agent, MnC12 at 37 °C.

(a) 0.15 M NaCl-020 reference, (b) skin fibroblast cells in

suspensions, and (c) skin fibroblast cells and 10 mM MnCl2 •
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of the sample was 92 %.
We measured also cell viabilities in non-confluent culturesin the absence and in the

r

presence of the SRs, [Co(Gly) 3 and Co(NOJ 2 , and of the relaxation reagent, MnCl2 , for one
hour. No significant difference was seen in cell viability in the presence of 6 mM [Co(Gly) 3]"
(92% viable, n = 2) when compared to the control cultures (93% viable, n = 2), which
indicated that most cells survived within one hour.

However, in the presence of 6 mM

Co(N03) 2 or 10 mM MnC1 2 , the cell viabilities were 84% (n

=

2) and 73% (n

=

2),

respectively; the decreased viability suggested that these two reagents were toxic to the cells.
Further methodology development, which may involve the use of perfusion (Egan, 1987) and
I or of a special medium with lower

applications of
contemplated.

er concentrations, will be required before 35Cl NMR

er transport in cells of CF patients and normal individuals can be

CHAPTER V

DISCUSSION

V.1. Multinuclear Magnetic Resonance and Oxygen Affinity Studies of Cs+ in Human
Erythrocytes
133

Cs NMR relaxation is characterized by T 1 and T2 relaxation values. They are similar

when molecular motion is fast but different when molecular motion is slow. Slow motion
contributes only to T 2 , whereas fast motion such as those components of motion at the
resonance frequency contribute to both T 1 and T2 (Gadian, 1982).

The observation of

differences between mes+ T 1 and T2 values in Cs+ -containing suspensions of RBC components
(Table 4) are indicative of a long correlation time for Cs+. When Cs+ ions are subject to
substantial electric field gradients, the difference between

133

Cs+ T 1 and T2 increases. We

therefore used the mes+ T 1 and T2 difference to examine the extent of Cs+ binding to
intracellular RBC components.
On the basis of the knowledge accumulated on intracellular RBC components (ATP,
ADP, BPG, Hb, and Pi) and RBC membranes, one can predict the RBC component to which

the Cs+ ion might be bound. In principle, the positively charged Cs+ ion can interact with
or bind to anionic metabolites such as ATP, ADP, BPG, and Pi, and negatively charged
phospholipids or amino acid side chains of the RBC membranes or of Hb. The difference
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between T 1 and T 2 is a measure of the extent of Cs+ binding to RBC components and the RBC
membranes.

In this study, two media (buffer A and buffer B) were used to study the

contribution of the intracellular RBC components to Cs+ binding at concentrations close to
physiological values. The Hb concentration used in this study was lower than its physiological
value; however, the ratio [Hb]/[Cs+] was similar to that found in human RBCs. The shorter
the T 1 value, the less free Cs+ exists in the medium. The T 1 values show that Cs+ bound
more strongly to BPG than to the other intracellular components in RBCs (Table 4); the T 2
values are shorter than T 1 values in BPG-containing solutions, which also provides evidence
for Cs+ binding to BPG. From our

133

Cs NMR relaxation results (Table 4), we confirmed that

Cs+ interacts with BPG more strongly than with ATP and ADP.

This conclusion is in

agreement with Wittenkeller et al. ( 1992a) who found that Cs+ binds more strongly to BPG
than to ATP, ADP or Pi using

133

Cs NMR chemical shift measurements.

From the binding constant values, it is clear that Cs+ is bound more strongly to BPG
(Ki, = 66

±

8 M" 1) than to the other intracellular components in RBCs (I<., values for ADP,

ATP, and RBC membranes were 19

±

1 M-1, 25

±

3 M-1, and 55

±

2 M1, respectively);

the major binding site for Cs+ in RBCs is therefore BPG followed by RBC membrane. The
Cs+ interaction with BPG is unique because BPG is reported to bind Mg 2 +, Zn2 +, and AlJ+
more weakly than does either ATP or ADP in the presence of two basic phosphates (Collier
and Lam, 1970; Gupta and Benovic, 1978; Sovago et al., 1990). The interaction with BPG
is, however, stronger for Cs+ than that for Na+ (Mendz et al., 1988). This may be due to
the large ionic size of Cs+ and to the capacity of BPG to act as a tridentate ligand. The Cs+
radius is 1.84
1988).

A,

and the hydrated radius of Cs+ is about 2.25

A (Cotton

and Wilkinson,

A space-filling model of the BPG molecule using the CPK Atomic Model Kit
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(Schwarz BioResearch, Inc.) showed that Cs+ could fit between the two phosphate groups
(distance about 3

A)

(Collier and Lam, 1970).

RBCs are often considered as packets of hemoglobin.

Cs+ may also interact with

hemoglobin, which has an overall negative charge at physiological pH.

COHb is a large

biomolecule, and thus it undergoes slow motion resulting in a large difference between T 1 and
T 2 values. This is not an indication of a specific Cs+ -Hb interaction because another unrelated
protein, lysozyme, also induced large

133

Cs + NMR chemical shifts (Wittenkeller et al., 1992a).

To further investigate how strong the interaction between Cs+ and COHb was, we chose a
concentration of COHb (3.3 mM) close to the normal range present in human RBCs (5.4 mM)
to generate a binding constant of Cs+ to COHb. As the Cs+ concentration increased from 10
mM to 500 mM, the T 1 value was constant at 6. 7

±

0.1 s. From the James-Noggle plots

(James and Noggle, 1969), we could not generate a binding constant for Cs+ to COHb. The
presence of macromolecules in CsCl-containing solutions can increase the viscosity to the
extent of inducing observable effects in the relaxation values of the ions.

For solutions

containing hemoglobin, the measured decrease in both T, and T2 values may be accounted for

by an increased viscosity. However, in buffers A and B, which have different viscosities,
there were no significant changes in the T, and T 2 values for Cs+ -containing COHb solutions
(Table 4). This confirmed that the viscosity of COHb solutions did not contribute to the
observed relaxation values. The large difference between T, and T2 for COHb suspensions
containing Cs+ is therefore not due to a specific interaction between Cs+ and COHb (Table
4).

The

predominant

phosphorylated

metabolite

present

in

human

RBCs,

2,3-

bisphosphoglycerate, binds tightly to human deoxyHb. The allosteric effect of BPG on Hb
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results in a significant decrease in the oxygen affinity of Hb and thus facilitates unloading of
oxygen to the tissue; BPG is preferentially bound to deoxyHb in the ratio of one to one of
BPG per tetramer of Hb (Benesch and Benesch, 1969). The binding site of BPG to human
Hb has been determined by using X-ray diffraction (Arnone, 1972). To investigate further
the molecular mechanism involved in the interaction between Cs+ and BPG or between Cs+
and the deoxyHb-BPG complex, we measured the 31P resonances of BPG as a function of pH
(Figures 5 and 6). The 31 P NMR chemical shifts of each phosphate group in BPG provided
complementary information of the interaction between Cs+ and BPG or the BPG-deoxyHb
measured by

133

Cs NMR relaxation measurements.

The 31P NMR chemical shift values of the phosphate groups in BPG shifted upfield upon
addition of Cs+ over the entire pH range investigated in the presence of either BPG alone
(Figure 5) or of the BPG-deoxyHb complex (Figure 6). This is because the interaction of the
Cs+ ion with BPG most likely involves each of the phosphate groups on carbon 2 (C2) and
3 (C3) of BPG.

Arnone (1972) found that BPG bound to deoxyHb in the central cavity

between the two

fJ chains on the two-fold symmetry axis of the Hb molecule. The negatively

charged groups of BPG form salt-bridges with seven residues (Val 1, His 2, and His 143 of
both

fJ chains, and with one Lys 82 of one fJ chain). On binding to deoxyHb, the BPG

resonances undergo a large downfield shift.

This is due to an increase in the degree of

ionization for the bound BPG, because the magnitude of the observed downfield shift closely
parallels that observed on ionization of BPG in solution.

We found that the interaction

between cs+ and the deoxyHb-BPG complex was stronger at low pH than at high pH (Figure
6), because the fraction of positively-charged histidyl residues (in particular, His 2 and His
143 in the cleft of deoxyHb) is significantly larger at low than that at high pH ..
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The measured pK values of the phosphate groups are smaller in the buffer containing
BPG and CsCI, and smaller still in the buffer containing BPG and MgC1 2 than in the buffer
containing BPG alone (Table 9), which is in agreement with reported information (Russu et
al., 1990). The pK values of C2-phosphate and C3-phosphate of BPG are consistent with
reported results (Moon and Richards, 1973). These pK changes result from direct interactions
of positively charged Cs+ or Mgi+ ion with the negatively charged C2-phosphate or C3phosphate of the BPG molecule. The number of bound protons varies between BPG and the
BPG-metal complex.

The pK differences reflect the electrostatic contribution to the

differences of the interaction between BPG and Cs+ or Mg 2 +. However, the pK values of the
phosphate groups of BPG decreased in the presence of either the BPG-deoxyHb complex alone
or of BPG-deoxyHb and CsCl (Table 9); this decrease in pK values arises from the interaction
with the negatively charged phosphate groups of the BPG molecule bound to deoxyHb. This
interaction is shown by the shape of the 31P NMR pH titration curve (Figures 5 and 6).
The changes in pK values of the deoxyHb-BPG complex in the presence of Cs+ were
indicative of the long-range changes in the conformation of the deoxyHb molecule induced by
the binding of Cs+ to the deoxyHb-BPG complex (Table 9). One long-range mechanism is
the changes in the histidyl residues protonation equilibria in the presence of BPG (Matthew
et al., 1981). It was found that the binding of BPG to the central cavity of the (3 chain in
deoxyHb induced electrostatic perturbations throughout the entire Hb structure at an ionic
strength of 0.1 M. Moreover, the X-ray diffraction studies indicate that the A helix was
pulled closer to the H helix and the EF comer upon binding of BPG to deoxyHb. The H
helix moved away from the (3-chain central cavity and closer to the heme pockets (Arnone,
1972). The pK values of the phosphate groups in BPG-deoxyHb complex decreased upon
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addition of Cs+. This is due to the interaction between Cs+ and the BPG-deoxyHb complex,
which in tum changes the protonation equilibria of the histidyl residues, and results in the
ionization for the bound BPG.
Generally, in solution, the mobility of the polypeptide chain increases continuously with
temperature for all proteins, but the rate of this increase varies from case to case. It can also
vary within a protein from one segment to another and is influenced by several factors such
as the pH, ionic strength, organic phosphates such as BPG, and of course, binding to other
molecules or ions. Not surprisingly, the oxygen affinity of Hb is affected by all these factors
(Amiconi et al., 1981; Brix et al, 1990; Monod et al., 1965). The BPG-induced allosteric
effect is produced by preferential binding of the negatively charged effector BPG to deoxyHb
(Bucci, 1974). Amiconi et al. (1981) found that the oxygen affinity of Hb decreases with
increasing salt concentration in the lower range of ionic strength ( < 0.1 M ); above the
physiological range, there is in most cases a further decrease in oxygen affinity but this varies
with the nature of the salt. That is because at very high salt concentrations, protein hydration
is perturbed in a non-specific but ion-dependent fashion and this perturbation might lead to
an increased oxygen affinity. Our results are in agreement with those previously reported
(Figure 7A).
The effects of salts on oxygen equilibrium function of Hb are similar to those of BPG,
which suggests that preferential binding of the salt is to deoxyHb. The salt may weaken the
salt bridges constraining the Hb due to its shielding effect (Tyuma et al., 1973). In another
words, anions (Cr) can fill the central cavity with specific effects similar to BPG on the
oxygen affinity (Benesch and Benesch, 1969). The origins of the chloride effect has been
identified at the molecular level. The central water-filled cavity in adult human Hb is lined
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by specific amino acids, which contribute a net overall cationic excess to the cavity (Perutz
et al., 1993).

This cavity is wider in the deoxyHb than in the oxyHb and is capable of

admitting chloride ions, therefore neutralizing the repulsion between subunits arising from the
cationic excess (Bonaventura et al., 1994).

For comparison, we therefore used the same

ionic strength (up to 0.15 M) to study the allosteric effect of several metal ions (K+, cs+, and
Mg2 +) on the oxygen affinities of hemoglobin, since the optimal ionic strength for experiments
of the allosteric effect is between 0.1 M and 0.3 M (Bucci and Fronticelli, 1981).
As BPG binds between the {3 chains and stabilizes hemoglobin in the deoxy state, one
can predict that its presence will decrease the affinity of the /3 chains for the ligand more than
the affinity of the a chains (Arnone, 1972). The oxygen affinity of Hb decreases as the BPG
concentration increases. There are two forms of Hb in nature, the T (tense) form and the R
(relaxed) form.

The T form, which contains salt bridges, is deoxyHb.

When the BPG

concentration increased, BPG binds to the T form, stabilizing that form; the salt bridges that
forced deoxyHb into the T quaternary structure are broken during oxygenation, allowing it
to adopt the R form, thereby increasing oxygen affinity.
The alkaline Bohr effect in human hemoglobin is the decrease in the oxygen affinity of
this protein with increasing hydrogen ion activity in the pH range from 6 to 8 (Figures 5
through 7). As Wyman ( 1964) pointed out, such pH dependence requires that oxygen binding
be associated with a reduction in the proton affinity of one or more acidic groups and a
dissociation of protons. Perutz (1970) using the X-ray method noted that a number of salt
bridges in the deoxy structure of Hb were disrupted. Therefore, the disruption of such salt
bridges could alter the pK values of the Bohr effect protons (Table 9).
In the presence of BPG, as the KCl concentration increased, the oxygen _affinity still
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decreased, which indicated that there was no competition between K+ and Hb for BPG. When
the CsCl or MgCl2 concentrations increased, the increased oxygen affinity indicated that Cs+
or Mg2 + bound to BPG and resulted in less interaction between BPG and Hb, and the oxygen
affinity was increased (Figure 7B). Because the affinity of BPG for Mg 2 + is higher than that
for Cs+ (Gupta and Benovic, 1978), the oxygen affinity increased more dramatically for Mg2 +
than Cs+. The dependence of oxygen affinity on the ionic strength in the presence of BPG
was affected by the competing ion

(K\ Cs+, and MgH). Both competition for BPG and the

effect of ionic strength on pl(. of two of the five ionizable groups of BPG (Mendz et al.,
1988) result in different oxygen affinity. The decrease in oxygen affinity with increasing
anion concentration (Cl) demanded that the salt bound more to deoxyHb than to oxyHb
(Amiconi et al., 1981; Wyman, 1964).

However, the action of cations differs from the

anions, and the effects of both salt components may be superimposed on each other. At the
lower concentration range, the effect on the oxygen affinity is due to the counterion such as

er,

and the cations (Li+ and Mg 2 +) effect the oxygen affinity at the higher concentration

(Amiconi et al., 1981). On the basis of this model, the increased oxygen affinity indicates
that the binding of cations (Cs+ and Mg2 +) was less for deoxyHb than for oxyHb in our case,
which is consistent with previously reported information (Gupta et al., 1978).
To investigate the Cs+ toxicity mechanism, we loaded the fresh human RBCs with
altered BPG levels with CsCl (12.5 mM). The same effect was found, as the concentration
of BPG increased, the oxygen affinity decreased in the absence and in the presence of CsCL
However, the oxygen affinity was larger for the RBCs without CsCl than for those with CsCl
present. There was no significant change in the P 50 values for the RBCs containing 5 mM
BPG. As the BPG concentration increased in RBCs, a larger effect of Cs+ was found at high
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BPG than that at low BPG levels (Figure 10). The

133

Cs + chemical shifts in cesium-fed rat

erythrocytes depended on the intracellular BPG levels (Wellard et al., 1994). The changes
in

133

Cs+ chemical shift indicated that Cs+ bound to BPG or the BPG-Hb complex. The Hb

and BPG concentrations in human erythrocytes are both approximately 5 .4 mM, and the
dissociation constant for the BPG-deoxyHb complex is 2.1 x 10·2 mM (Benesch et al., 1968).
We found similar results in human RBCs as the reported information (Wellard et al., 1994)
by using oxygen affinity measurements. These results indicate that the competition between
Cs+ and hemoglobin for BPG results in smaller amounts of BPG being available to bind to
deoxyHb, which, in turn, results in an increase in the oxygen affinity of Hb. The enhanced
oxygen affinity of Hb in the presence of Cs+ hinder the release of oxygen to tissues and
provide a mechanism for Cs+ toxicity.

V.2. Multinuclear NMR and FT-IT Study of Ion Pairing between CtO; and Alkali Metal
Complexes of lonophore Antibiotics in Organic Solvents
The effect of ion pairing induced by ionophores in methanol was examined for CIQ4•
by using 35Cl NMR spectroscopy. If ion pairing is present, we expect to see an increase in
the 35Cl NMR line width at half-height, whereas if no ion pairing occurs the line width at halfheight is expected to remain similar to the reference sample (without any ionophore present)
after viscosity correction. The following equation shows the relation between line width at
half-height and T 2 :
AP112

= l/1rT2

(13)

where T 2 is the spin-spin relaxation time. In the liquid state the extreme motional narrowing
conditions apply, the molecular tumbling is rapid on the NMR scale, and the relaxation rate
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for a quadrupolar nucleus is given by the equation (Kidd, 1983):

1

1

3?r2

21+3

112

elqQ

-- =-- = --- * -------- * {l +---}{------}l * Tc
(14)
Tl T 1 10 ll(21-l)
3
h
where T 1 is the spin lattice relaxation time. For a nucleus of spin l = 3/2, 11 is the
asymmetry parameter, Q is the nuclear quadrupole moment, q is the electric field gradient at
the nucleus, and

Tc

is the correlation time for molecular reorientation which describes the

motional modulation of the quadrupolar interaction inducing nuclear relaxation. Relaxation
times are very sensitive to the electric field gradient, q. The fluctuations in electric field
gradients in the coordination sphere of the chloride or perchlorate ion cause modulation of
nuclear energy and hence affect relaxation properties. As the chloride or perchlorate forms
an ion pairing with the cation-ionophore complex, T 2 value decreases, the rate of tumbling
(l/TJ increases, and consequently the 35Cl NMR line width at half-height also increases. For
the solution in which ion pairing does not occur Tl is expected to remain unchanged, and the
35

Cl NMR line width at half-height also remain unchanged.
The neutral ionophores (Val and Non) form a positively-charged complex once they

interact with the alkali metal cation, K+ or Na+.

We hypothesized that the Cl04-

counteranions would be attracted to the alkali metal complexes of Val and Non and would
form an ion pair. As shown in Tables 13 and 16, the 35Cl NMR line widths at half-height
of Cl04- do increase for the neutral ionophores for all solvents studied.

The carboxylic

ionophores (Las, Mon, and Nig) form an overall neutral complex when they interact with K+
or Na+. We hypothesized that for carboxylic ionophores the Cl04- counteranions would not
be attracted to the neutral complex. As shown in Tables 13 and 16, the 35Cl NMR line widths
of Cl04- in the presence of the negatively charged ionophores increase slightly compared to
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the control samples without ionophore present. We conclude from the 35Cl NMR line width
at half-height data that the neutral ionophores Val and Non, but not the carboxylic ionophores

Las, Nig, and Mon, do interact and form an ion pair with the Cl04- anion.
Solvents varying in donor number and dielectric constant were used in order to mimic
the range of polarities found in a biological membrane.

As these parameters increase the

degree of ion pairing is expected to decrease. We found a significant correlation between the
viscosity-corrected

35

Cl NMR line widths at half-height of NaC104 and dielectric constant

(Figure 12); no significant correlation between the viscosity-corrected
at half-height of NaCl04 and donor number was found.

35

Cl NMR line widths

According to Marcus (1985), a

combination of a low dielectric constant of the solvent, that promotes the formation of ion
pairs in general, and a low donor number of the solvent, that causes only weak solvation of
the cation, favors the formation of contact ion pairs. For sodium salts (Cl04"), the border
between contact ion pair and non-formation occurs when the value of the product of DN*DE
range (0 -

1000), such as acetone (DN*DE = 352), methanol (DN*DE = 840),

nitromethane (DN*DE = 97), and acetonitrile (DN*DE = 529) (Marcus, 1985). However,
in the theoretical predicted solvents range of DN*DE (0 - 1000), the DE solvent parameter
may contribute more toward ion pairing formation (Marcus, 1985). The extent of the ionic
association is qualitatively related to the DE of the solvent (Detellier, 1983). One can note
that the extent of the ion pairing decrease in the sequence of acetone (DE

= 20. 7), methanol

(DE =32.7), nitromethane (DE = 35.9), and acetonitrile (DE = 37.5), which follow the
trend of increased ionic association as the DE of the solvent decreased (James and Mayer,

1984). For Cl04- salts, one would predict that the largest 35Cl NMR line widths at half-height
would occur when acetone was the solvent, followed by methanol, and finally DMSO
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(DN*DE = 1392). As shown in Table 16, the experimentally observed ordering of the 35Cl
NMR line widths at half-height of Cl04-coincides with the theoretically-predicted ordering of
solvents. This study is limited by the changes in ion-solvent interactions when going from one
solvent to another. These changes depend on factors other than DN and DE. It would have
been helpful to include a wider range of solvents; however, solubility problems precluded us
from conducting a more extensive investigation of the effect of solvent on the extent of ion
pairing.
The effect of cation on Cl04- ion pairing was also examined (Table 14). The selectivity
of the ionophores for different cations is expected to vary from solvent to solvent. For the
same solvent (methanol), we found that both u+ and Na+ interacted more strongly with Las
than with Val by using metal NMR spectroscopy. For ionophores with highly constrained
backbones the free energy of complexation may be maximal for an ion of a critical ionic
radius. With a radius of 0.95

A,

the Na+ ion fits snugly in the three dimensional cage like

structure of Val (Pressman, 1976). Las, on the other hand, is the smallest of the carboxylic
ionophores with complexed ions sitting on rather than within the cage (Pressman, 1976). The
smaller sizes of Li+ (r

= 0.60 A) account for the smaller changes in the 7Li+ NMR line width

at half-height for samples containing Val compared to salt solutions alone. Ion pairing is
therefore more readily observed when tight metal ion binding is present, as with Na+,
resulting in an increase in the 35Cl NMR line width at half-height for samples containing Val
as opposed to Las. The very low selectivity of both Val and Las for Li+ yields very small
changes in the 35Cl NMR line widths at half-height. The neutral ionophore (Val) selectivity
of alkali cation was decreased in the ordering of K+, Na+, and Li+; and the carboxylic
ionophore (Las) selectivity of the alkali cation was also decreased in the ordering of K+, Na+,
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and Li+ (Pressman, 1976). The experimentally observed ordering of 35Cl NMR line widths
at half-height of Clo,· was consistent with the reported cation selectivity data.
The effect of pH on the

35

Cl NMR line widths at half-height of KC104 dissolved in

methanol in the presence of Val or Mon was also studied. By decreasing the pH value to
approximately 3, the carboxylic group on Mon was protonated (Amat et al., 1988).

The

negative charge on Mon is neutralized at low pH, and therefore at low pH the interaction
between monensin and K+ results in the formation of a positively-charged Mon-K+ complex.
The protonated Mon-K+ complex has the same overall charge as the Val-K+ complex and both
are now expected to have similar ion pairing abilities resulting in an increase in the 35Cl NMR
line width at half-height. As mentioned in the results section, the 35Cl NMR line widths at
half-height of Clo,· in the presence of Mon increased when the pH was lowered.

These

observations indicate that the formation of an ionophore-cation with an overall charge of
yields an increase in the

35

+1

Cl NMR line width at half-height independent of the type of

ionophore (neutral vs. carboxylic).
The vibrational degree of freedom of the perchlorate anion reduce to the following
species (James, 1985; Nakamoto, 1985):

r Td = A, +

E

+

2F2

where A2 , E, and F 2 are spectroscopic terms (group theory) describing the symmetry
representation to which the vibration belongs. Only the F 2 species are active in the infrared.
Lowering the symmetry of the anion results in loss of degeneracy of the E and F 2 species and
activates the A 1 species in the infrared. The F 2 species may be splitted into two bands (A 1
and E) if a C, axis is retained, and three bands (A 1, B1, and
axis present.

BJ

may be observed when a

Ci

The symmetry changes from tetrahedral to C3u or C 2u depend on whether
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perchlorate binds in a monodentate or bidentate fashion (James, 1985; Nakamoto, 1985) (see
Table 17).

Symmetry disturbance of the perchlorate anion is easy to detect through the

splitting of the F 2 vibrational band in the infrared (James, 1985).
Fr-IR provided complementary information about ion pairing. The neutral ionophores
form a positively-charged complex when they interact with alkali metal cations such as K+.
We predicted that the positively-charged complex of Val would interacted with the Cl04•
counteranion and would form an ion pair. From this predication, we should obtain splitting
of v3 band (1050 - 1170 cm- 1) and v4 band (625 cm- 1) for Fr-IR spectrum of KC104 in the
presence of Val if there is an ion pair present. Wittenkeller et al. (1992c) found splitting (30
cm-1) of the v3 stretching bend at 1130 cm- 1; moreover, I found that the v4 bending band
shifted from 625 cm- 1 to and 627 cm- 1 as illustrated in Figure 13.

The Fr-IR spectrum

showed that Val had a weak absorption at 597 cm- 1 , that is due to the amide I in Val
associated with OCN groups. The deformation of OCN may shift this band position because
of the interaction between Val and KC104 (James and Mayers, 1984). The results obtained
are in agreement with reported information (James and Mayers, 1984). The nitrogen atom
in Val is highly constrained due to the presence of -CHCH3(CHJ2 and -CO groups. The
solvation through the nitrogen would cause a significant increase in this constraint and nitrogen
bonding would thus produce little change in the band parameters. That is the reason why the
splitting of v4 cannot be observed. The 605 cm- 1 band may be due to the interaction between
Cl04" and Val resulting in the shifting of the

"'ocN

band in Val.

Frequency shifts may provide evidence for ion pairing between perchlorate molecule
and ionophore. Ion pair formation with Val is clear in Figure 13 from the shift of the v4
bending band from 625 cm- 1 to 627 cm· 1• For Las, however, the band remains unshifted
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indicating that the symmetry of the perchlorate ion does not change (Figure 14). Acetone was
used as a solvent to let KC10 4 and ionophore react completely and because there was no

absorbance for acetone in the range 600 to 700 cm· 1; the solvent was also evaporated, which
should not affect IR detection of ion pairing by Cl04-. From the Fr-IR data, K+ -Val appears
to form an ion pair with Cl04- whereas K+ -Las does not.
When SRs, Co 2 + and Co(Gly) 3-, were applied in studying er distribution and transport
in LUVs, we found that there was a significant difference between these two SRs. Because
Co2 + has a high positive charge, it may interact with negatively charged lipid vesicles resulting
in er passive exchange.

However, there is a small negative charge on Co(Gly)3- which

prevents its interaction with lipid vesicles and the passive er exchange. The results obtained
indicate that LUVs are stable in the presence of Co(Gly) 3- and ionophore. The Crieakage or
Co2 + induced passive exchange in LUVs can be eliminated by using Co(Gly) 3- as an SR.
Riddell et al. (1990) reported that Val had no appreciable effect on the rate of er
transport across PC vesicle membranes. They measured the rate of er transport in vesicle
suspensions by monitoring the changes in the peak area of the intravesicular 3sCl NMR
resonance; the extravesicular 3sCr signal was broadened by MnC12 present in the suspension
medium. Recently, Riddell and Zhou (1994) reported the er influx in PC vesicles containing
50 mM NH4Br LUVs in a 50 mM NH4Cl suspension at neutral pH and at 4°C containing
0.005 mM Val. In contrast, we found evidence for Cr efflux from the LUVs in the presence

of Val (see Results section).
Lipid membranes are extremely impermeable to small ions such as K+ or er.

A

protein-free bilayer of PC in 0.1 M NaCl has a specific conductance, which corresponds to
the conductivity of an excellent insulator (Lauger, 1985). On one hand, the high energy
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which can transfer an ion from the aqueous phase into the apolar, hydrocarbon-like interior
of the membrane, is necessary for the small ion permeability. This barrier is important for
cell membrane's function, since it may select certain types of ions and enables the cell
membrane to regulate the ion permeability by using ionophores such as Val (Pressman, 1976).
On the other hand, the electrical charges and dipole moments of the PC head groups can
affect ion transport. Oriented dipole layers of the interface result in an additional difference
in the potential between the interior of the membrane and the aqueous solution (McLaughlin,
1977).
As Val was added to the LUVs containing 50 mM KCl and 50 mM KN0 3 in a 100 mM
NaCl suspension, Val interacted with K+ and formed a positively charged complex (Val-K+),
since Val prefers K+ over Na+ (Pressman, 1976). The formation of an ion pair between
Val-K+ and

er

resulted in the Cr efflux in the presence of a Cr gradient.

When the

compositions were reversed in the LUVs described above, a Val-dependent K+ efflux
predominated the transport pathway in the presence of a Na+ /K+ gradient (K+ inside) (Bally
et al., 1985). That is the reason why we cannot obtain influx of

er

in this type of LUVs.

The transport pathway varies in different types of ionophore-containing suspensions of LUVs.
Based on our NMR data, we conclude that the positively charged neutral ionophore-cation
complex may form an ion pair with er and provide an alternate transport pathway for anions.

V.3. JJCI NMR Study of Cr Distribution and Transport in Human Red Blood Cell
Suspensions
The intracellular and extracellular

35

Cl NMR signals were clearly discriminated in

human erythrocyte suspensions containing Co(Gly)3- as an SR.

We found that human RBCs
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were not stable in the presence of CoC12 , however, the erythrocytes were stable in the
presence of Co(Gly) 3-.
The overall formation constant, as expressed by the log K value (see equation below),
for the [Co(Gly) 3r complex is 23.91.
Co2 + (aq) + 3 Gly- (aq) - Co(Gly) 3- (aq)
K = [Co(Gly) 3-] I ([Co2 +]

* [Gly13)

The log K values for the [Co(Ala)3r and [Co(HO-Pro)J 2- complexes are 21.67 and 13. 70,

r

respectively {Martell, 1974). Moreover, the [Co(Gly) 3 complex is very stable at neutral
pH (Griesser and Sigel, 1971). Because glycine forms the most stable complex with Co (II),
there is very little free Co 2 + in the suspension which explains the narrow line width at halfheight (200 Hz) of the extracellular 3!5Cr signal in human RBC suspensions containing
[Co(Gly)3]" compared with 389 Hz for RBC suspensions containing CoC12 ; the absence of
direct er binding in the first coordination sphere of [Co(Gly) 3r, as opposed to that of CoC12 ,
may also account for this difference in the line widths of the extracellular 3!5Cr signal in
human RBC suspensions.
Because Co2 + and Mn2 + have high positive charges, they interact with negatively
charged phospholipids in RBC membranes resulting in cell lysis. There is a small negative

r

charge on [Co(Gly)3 which prevents its interaction with negatively charged phospholipids in
RBC membranes and the occurrence of cell lysis in RBC suspensions containing Co(Gly) 3-.
Because the sizes of Co2 + and Mn 2 + are small, and because of the existence of ion transport
proteins in RBC membranes, non-chelated Co2 + and Mn2 + ions can slowly be transported into
RBCs. The concentration of Co2 + in the RBC suspension medium decreased resulting in a
decrease in the separation of the two resonances.

It is known that MnC1 2 is a strong
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extracellular relaxation agent (Riddell and Zhou, 1994). When MnC12 was added to RBC
suspensions treated with both DDC and CO, the extracellular

35

Cl" signal was quenched

making only the intracellular 35Cr signal visible.
We found that 20 mM MnCl 2 , but not 13 mM (Riddell and Zhou, 1995), was required
to quench the extracellular 35Cr signal in human erythrocyte suspensions. Because of the low
magnetic field (7 .0

er,

n

used to observe a relatively insensitive nucleus like in intracellular

smaller amounts of shift reagent were required to obtain the same dispersion as that at

high magnetic field (11. 7

n. but for relaxation agents large amounts are required (Riddell and

Zhou, 1995). The induced chemical shift difference varies linearly with the magnetic field
strength; however, the line broadening varies as the square of the field strength for
paramagnetic interactions. The line widths at half-height in the presence of the same amounts
of Mn2+ found on the two instruments [300 MHz and 500 MHz NMR (Riddell and Zhou,
1995) spectrometers] differed by a factor of about 2.5, which was in agreement with the value
obtained from magnetic field dependency. The line width at half-height of intracellular 35Cr
in the presence of Mn 2 + increased as time increased; this is due to free Mn2 + ions slowly
penetrating the erythrocytes, thereby relaxing the intracellular

35

Cr signal.

These results

indicate that [Co(Gly) 3]" is the best SR of those investigated, which is not only stable in RBC
suspensions treated with both DOC and CO but also non-toxic to erythrocytes.
The ratio of [Cll/[Cr]

0

ut

that we obtained with the er selective electrode was twice that

measured by 35Cl NMR (Table 22). This difference is due to the fact that the visibility of
intracellular Cr in erythrocytes is not 100% using
Vinay, 1990).

35

Cl NMR spectroscopy (Bouanger and

35

Cl is a quadrupolar nucleus with a nuclear spin of 3/2. Because chloride ions

attached to large molecules such as Hb are not in the extreme narrowing limit, the relaxation
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of intracellular Cr is biexponential (Bull, 1972). Two forms of Cr (free and bound) are
present in the intracellular compartment of RBCs. The resonance corresponding to bound er
is generally invisible due to fast relaxation, whereas free er is visible due to slow relaxation.
However, the slowly relaxing components are more heavily weighted in the line-shape analysis
(Price et al., 1991), which has a double Lorentzian line-shape (Riddell and Zhou, 1995).
Thus, the intracellular er signal is not expected to be 100% visible. The 50% visibility of
the intracellular er resonance that we found for human erythrocytes is consistent with a
previously reported value (Boulanger and Vinay, 1990), and the theoretical value of 60% for
the fraction of signal from bound Cr observed by 3sCl NMR (Bull, 1972). The intracellular
er concentration that we measured with the er electrode was also in agreement with the
reported value (Henry et al., 1974).
Based on our data, we conclude that cobalt (II) glycine is a suitable and stable shift
reagent, which can discriminate intra- and extracellular 3scr resonances in human erythrocyte
suspensions.

The efflux of chloride in human RBCs can be studied by using 3sCl NMR

spectroscopy. The method reported here may also be of use in the investigation of abnormal
er distribution and transport in cells of patients suffering from cystic fibrosis or muscular
dystrophy.

V .4. 35CI NMR Study of Cr Distribution in Skin Fibroblast Cell Suspensions
The abnormal Cr transport in CF patients has been studied by using mostly Cr
electrodes (Knowles et al., 1981; Quinton, 1983). Since an SR ([Co(Gly) 3]) method was
developed by us (Lin and Mota de Freitas, 1996), we tried to improve the understanding of
Cr distribution and transport in CF skin fibroblast cells by using 3sCI NMR spectroscopy.
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Future methodology development will be needed before such applications are made possible
(see results).

A growth medium containing a lower er concentration may be used as a

r

suspension to counterbalance the NMR dynamic range problem. The amount of [eo(Gly)3

needed to separate intra- and extracellular 3'er signals must be optimized. The relaxation
reagent MnC12 or chelated Mnz+ complexes may be applied to study er distribution in
suspensions of fibroblast cells.

The er transport experiment could be performed with

fibroblast anchored cells and perfused with a medium containing an SR or a relaxation reagent
with perfusion to maintain the cells viable during the 3'e1 NMR experiment.
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